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A b s t r a c t
Plasma is produced in the SHEILA heliac by the application of radio fre­
quency power to a novel double-loop antenna. While the successful application of 
this antenna design to open field line geometries is now fairly well documented, 
this thesis reports what is believed to be its first use in a closed toroidal sys­
tem. Characteristics of the plasma and the structure and behaviour of the waves 
launched are investigated in the convoluted magnetic geometry of SHEILA.
Radial wave field and azimuthal phase measurements are presented and com­
pared with cylindrical helicon wave theory after an appropriate magnetic coordi­
nate transformation. This comparison provides strong evidence for the involve­
ment of helicon waves. Density inferred from the helicon dispersion relation based 
on parallel wavelength measurements is compared with measured density. Damp­
ing of the waves is investigated by comparing experimentally measured spatial 
damping rates with theoretical estimates.
Evidence for wave-particle interaction is presented in the form of observa­
tions of the electron distribution function. A high energy feature is shown to 
coincide with the wave phase velocity and with the energy corresponding to a 
large ionization cross section. The relation of this high energy feature to the 
ionization capability of helicon waves is discussed.
The influence of boundary conditions, power limitations and plasma peri­
odicity on plasma production is analyzed by comparing the helicon dispersion 
relation with the measurement of density as a function of magnetic field for vari­
ous frequencies and filling gases. Finally, the feasibility of applying a double-loop 
antenna system to the larger H-l heliac is considered.
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C hapter 1
In troduction
The stellarator confinement concept, initially developed in the 1950’s, has re­
gained favor in recent years because of its inherent advantages [24]. Plasma is 
confined by toroidally nested magnetic flux surfaces in the same manner as the 
more widely used tokamak concept, but no large plasma current is needed to pro­
duce a poloidal magnetic field. This field component, essential for confinement 
and stability, is generated entirely by currents flowing in coils external to the 
plasma. The absence of large plasma currents eliminates the source of plasma 
disruptions which may catastrophically degrade tokamak confinement. Steady- 
state operation is straightforward, and the plasma can be well-confined at for­
mation since the magnetic configuration can be established before any plasma is 
produced. In addition to this, the magnetic configuration and the plasma profiles 
can be controlled independently, unlike the tokamak case in which the plasma 
and magnetic profiles are strongly coupled.
The helical axis stellarator, or heliac. is one of the four main types of stel- 
larators being actively studied at the present time. This design, a descendant of 
the original “figure-8” stellarator concept [68], is based upon a helical magnetic 
axis (see figure 1.1). The coil configuration consists of a set of solenoidal magnetic 
field coils whose centers trace out a toroidally closed helix which encircles a cen­
tral ring conductor. Vertical field coils together with a helical winding mounted 
on the central ring conductor allow control of the magnetic geometry.
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Figure 1.1: The typical configuration of an TV = 3 helical axis stellarator.
The magnetic structure produced in a stellarator can be characterized by a 
number of basic quantities [24]. The average toroidal radius of the magnetic axis 
(major radius) R  and the average radius of outermost closed flux surface (minor 
radius) a can be used to define an aspect ratio A = R/a. Optimum magnetohy­
drodynamic stability in a heliac is produced in the limit of infinite aspect ratio. 
The number of field periods TV characterizes the number of times the magnetic 
axis wraps around the ring conductor in one toroidal transit. The rotational 
transform, defined as the flux surface average of the twist of the magnetic field 
lines, is an important quantity which influences both stability and transport. 
Because of the torsion of the helical axis, a heliac is characterized by a high 
rotational transform per field period. The variation of the rotational transform
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across the prohle of the magnetic flux surfaces is termed shear, and is relatively 
small for a heliac. A heliac may also have a significant magnetic well arising from 
strong helical curvature of the field lines.
Errors in the alignment of the coils of a stellarator can cause the nested flux 
surfaces to break up into ergodic regions and magnetic islands. The magnetic 
configuration is especially susceptible to such error fields when the rotational 
transform is close to a low-order rational number. In fact, where the rotational 
transform is rational, closed flux surfaces cannot be formed and the magnetic 
structure becomes chaotic. It was suspected that the effects of error fields in a 
heliac would be so significant that such a device could not be built to within the 
required tolerances. The first operating heliac SHEILA (described in Chapter 2), 
built in this laboratory in 1984. was found to have a reasonable tolerance to coil 
configuration errors. Although it was determined that some coils were displaced 
approximately one millimeter from design specifications [65], closed magnetic flux 
surfaces were still formed and plasma was well confined inside these surfaces [3].
Plasma was originally produced in SHEILA [65] by superimposing ~  100 watts 
(later increased to 400 watts) of 96 kHz radio frequency power on the central ring 
conductor. This was referred to as the “standard” method of plasma production 
for the device, and produced modest plasma parameters (maximum electron den­
sity nmax ~  4 x 1012cm-3, electron temperature Te ~  5 — 10eV in argon). The 
ratio of plasma pressure to magnetic pressure, defined as ß ,  had a maximum value 
ß m a x  ~ 10~4. Plasma production experiments were also conducted using 2 — 3 kW 
of 2.45 GHz microwaves [31]. The increased power levels allowed ßmax ~  L3x 10-3 
to be reached in argon with nmax ~  5 x 1012 cm-3 and Te ~  3 — 5eV.
Experiments in plasma processing reactors [19, 5S] and magnetized columns 
[14, 76] had shown that a novel double-loop antenna design could produce un­
usually dense plasma for a modest power input (1 — 3kW). The high ionization 
capability of the antenna suggested its use in a toroidal device. The design, 
however, had never been applied to a toroidal magnetic geometry. The work pre­
sented in this thesis began as an attempt to increase plasma densities in SHEILA
3
through the use of this an tenna  design.
The double-loop antenna structure used in these experiments has been shown 
to launch helicon waves in a magnetized column experiment [14]. Different an­
tenna designs have also been used to excite helicon waves in magnetized columns, 
resulting in similar indications of high ionization efficiency [28, 48]. Helicon waves 
are electromagnetic waves which propagate in a highly conducting medium in the 
presence of an applied magnetic field. In an ionized gas these waves lie in the 
same branch of propagation as whistler waves, except that the wave frequency 
is so low that electron inertia can be neglected. The term “helicon” is usually 
restricted to such waves which propagate as modes of a bounded system [29]. A 
summary of basic helicon wave theory is presented in Chapter 3.
Helicon waves were first discussed by Aigrain [1] who predicted features of 
the waves propagating in semiconductors. Correspondingly, early helicon wave 
experiments used semiconductors as a propagation medium [21, 41, 51, 62]. The 
first detailed study of helicon waves in a cylindrical gaseous plasma was carried 
out in 1964 by Lehane and Thonemann [49]. In this experiment helicon waves 
were launched in an existing plasma and therefore played no part in the ioniza­
tion of the filling gas. A number of theoretical investigations of the waves were 
also conducted in this period [5, 6, 34, 35, 38, 39, 46, 74, 75]. In 1970 Boswell 
[9, 10] observed that helicon waves could produce a dense plasma in a magnetized 
column. Later experiments [12. 16, 17. IS, 48] have suggested that helicon waves 
have a high ionization efficiency. This feature has been utilized in plasma pro­
cessing applications [19, 5S, 59] and in the production of an electrodeless argon 
laser [76]. Chen [28] has also presented a theoretical and experimental study of 
the application of a helicon source to a plasma accelerator. In an investigation of 
ionization capability, Chen [27, 28, 29] has shown that Landau damping can be 
an important method of energy transfer from helicon waves to plasma particles.
The application of a double-loop antenna to SHEILA presents the interesting 
question of how the launched waves would behave in a complicated toroidal ge­
ometry. It has been shown [64, 65] that a simple cylindrical theory could explain
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much of the behaviour of drift waves in SHEILA once an appropriate coordinate 
system was chosen. Idiis success was possible because of the low shear present in 
the magnetic structure of SHEILA and provided a starting point for the analysis 
of the waves launched by the double-loop antenna.
This thesis presents plasma production experiments which have been con­
ducted on the prototype helical axis stellarator SHEILA. In these experiments 
plasma is produced and sustained solely by the application of rf power to the 
double-loop antenna described in C hapter 2. A number of diagnostic techniques, 
also described in Chapter 2, have been used to investigate in detail the structure 
and behaviour of waves launched from the antenna. The observed radial and az­
imuthal wave field structure is presented in Chapter 4 along with measurements 
relating to the dispersion of the wave. Damping measurements of the wave and 
investigations of wave-particle interaction are discussed in Chapter 5. In these 
experiments the rotational transform  in SHEILA is held fixed at a standard value 
where it has been shown [65] tha t error fields have little effect on the flux sur­
faces. The majority of measurements presented have been taken with 7 or 28 MHz 
radio frequency power applied to the antenna in argon or helium, respectively. 
These frequencies were chosen because they produced high density plasma in the 
respective gases. Argon was used initially because it could be ionized with rela­
tive ease and allowed immediate investigations of the wave-plasma system. Since 
comparable density was not achieved with hydrogen (this point is discussed in 
Chapter 6), experiments were conducted in helium to represent the behaviour of 
a gas with a lower ion mass.
It is interesting to consider the application of a double-loop antenna system 
to a larger, fusion relevant machine. Devices such as H -l, now nearing completion 
in this laboratory, and TJ-II, under construction in Madrid, Spain, are examples 
of heliacs much larger than SHEILA for which this antenna design could be 
applied. The ability of helicon waves to produce plasma in a larger machine 
has already been effectively shown [57] in the CHS stellarator where 1.5MW of 
40MHz radio frequency power was applied to an antenna oriented to launch low
5
frequency whistler waves. This produced hydrogen piasma of average density 
~  5 x 1012cm~3. but there was no investigation of wave structure or energy 
transfer mechanism. An attempt to extrapolate the SHEILA results to H-l is 
given in Chapter 6.
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C h a p te r  2
E x p e r im e n ta l A p p a ra tu s  a n d  
D iag n o stic s
2.1 The SHEILA heliac
An overview of the SHEILA heliac is presented here. Detailed descriptions of the 
device are found in references [3, 4, 63, 65].
Figure 2.1 is a diagram of the SHEILA heliac. The main magnetic field coils 
are situated within a 3.25 mm thick stainless-steel vacuum tank 65 cm in diameter 
and 60 cm high. A 25 mm thick stainless-steel lid seals the tank. The toroidal 
magnetic field is formed by 24 coils with 11 cm diameter circular apertures whose 
centers trace out a 3-turn toroidal helix around a central, circular ring conductor. 
This four-turn ring conductor (radius= 18.75 cm) produces the main poloidal 
component of the magnetic field. To complete the magnetic configuration, a 
pair of 62.6 cm diameter coils inside the vacuum tank, coaxial with the ring, and 
located 19.2 cm above and 14.5 cm below the median plane (defined by the plane 
of the central ring conductor) produce the main vertical field. Fine adjustment of 
the vertical field is provided by two coils of 33.4 cm radius at 19.9 cm above and 
12.7 cm below the median plane outside the vacuum tank. A single turn helical 
winding, whose phase is the same as the helix followed by the centers of the
Transmission line
Upper radiai arms
Helical WindingVertical Reid Coilsf
Poioidal Field Rim 
Toroidal Field Coil Pair/
Vertical Field Trim Cciis
Figure 2.1: Layout of the SHEILA heliac.
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toroidal field coils, provides control of the rotational transform of the magnetic 
geometry. The centers of the toroidal held coils follow a path which takes the 
shape of a toroidal helix described by a general winding law 9 =  N(j>+ o^siniVd»
(9 and o are poloidal and toroidal angles. c*h is a small constant which can be 
adjusted to optimize the heliac conhguration and N  is the number of periods of 
the helix) and a swing-radius ps (the distance of the helical path from the central 
ring conductor). The SHEILA helix has the parameters N  =  3, ps = 2.5 cm 
and ah = 0.1. The coil structure of SHEILA is shown in figure 2.2. Plasma is 
conhned within the magnetic hux surfaces formed by these coils. The boundary 
of the plasma should therefore be defined by the outermost closed flux surface.
Current to the device is supplied via a 15 : 1 stepdown transformer from 
two capacitor banks (2 mF and 5 mF: 10 kV maximum) which can be discharged 
together, individually or sequentially. Peak magnetic fields up to ~  2000 gauss 
are available in pulses ~  50 ms duration. A delay of at least 10 s is required 
between pulses to avoid overheating the coils. The toroidal coils, ring conductor 
and inner vertical field coils are operated in series to maintain the consistency of 
the magnetic geometry during a current pulse. Both the helical winding and the 
external vertical field trim coils are supplied through variable shunt resistors. In 
all the experiments presented here the helical winding control shunt is adjusted so 
tha t I h / I r ~  0.04. where Ih{ Ampere — turns) is the current in the helical winding 
and Ir{ Ampere — turns) is the current in the ring conductor: this arrangement 
is one of the standard magnetic configurations used on SHEILA.
The vacuum system consists of a two stage rotary pump with a pumping 
speed of 33m 3/hour and an oil diffusion pump (‘Santovac V’) with a rated 
pumping speed of 3501/s. Gas is fed into the vacuum tank via a needle valve 
through a radial port. Filling pressures up to I0 - 2 Torr and the base pressure of 
~  10-5 — 10- 6 Torr are monitored by both a Model 275 Convectron gauge (range: 
10_3Torr - atmospheric) and an ionization gauge (range: 10-6 - 10_3Torr). Both 
vacuum gauges are corrected to account for different gauge sensitivities to differ­
ent gases.
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Figure 2.2: Coil configuration of SHEILA.
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*7 o M ag n e tic  field c o n fig u ra tio n
Figure 2.3 shows a typical ideal vacuum magnetic flux surface ana the correspona- 
ing magnetic heid lines. The piasma pressures i dmax ~  3.7 x 10-3. 3 ~  1.3 x 10-3) 
and currents used in this work maxe negligible changes to the vacuum heids. Flux 
surface cross-sections of SHEILA at four different toroidal angles within one heid 
period (<z> = 0,30°, 60° and 90°) are shown in figure 2.4 as calculated by the HE- 
LIAC code [37]. The average radius of the iast closed hux surface is 3.5 cm. Each 
of the three held periods are identical in an ideal system. Field errors modify 
this slightly but are negligible in experiments presented here since the SHEILA 
conhguration used is deliberately chosen to avoid low order resonances which 
magnify the effects of these errors.
Figure 2.3: A typical vacuum magnetic flux surface with field lines. A 
cross-section at <p — 220° is shown below.
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Figure 2.4: (a) Magnetic flux surface cross-sections at o — 0 and 60°. (b) 
Magnetic flux surface cross-sections at o = 30 and 90°. Apertures of the 
toroidal field coils are shown for comparison.
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2.3 R ad io  freq u en cy  s y s te m
Waves are excited in SHEILA by coupling oscillating radio frequency (rf) fields 
from an rf power source. A schematic of the rf system is shown in figure 2.5. 
The rf source transceiver, with a frequency range of 1.5 — 28 MHz, produces a 
sinusoidal wave of approximately 120 watts maximum power. This signal is then 
amplified by two rf linear amplifiers connected in series to a maximum of 3 kW 
and is delivered in pulses of up to 20 ms duration concurrent with each magnetic 
field pulse. A pi-network (the antenna being the inductor) is used to match the 
impedance of the antenna to the 50 H output impedance of the amplifiers and 
transmission line.
The antenna, approximately 16 cm long, is sketched in figure 2.6. It consists 
essentially of a pair of current loops placed on either side of the outermost closed 
flux surface in SHEILA, the planes of the loops being both twisted so as to 
follow the helical axis of the plasma, and curved to conform with its “bean- 
shaped" cross-section. The double-loop, wound from one piece of 3.4 mm diameter 
enamelled copper wire, produces an oscillating magnetic field perpendicular to 
the plasma axis. It is known from previous studies that this arrangement excites 
helicon waves [9, 14]. The antenna, located at </> = 120° (see figure 2.7), is 
connected to the impedance matching network through two vacuum feedthroughs.
impedance matching 
network trigger pulse from 
SHEILA circuits
Alpha 77Dx 
linear amplifier
Kenwood TL-922 
linear amplifier
Yaesu FT-102 
transceiver
Figure 2.5: Radio frequency system for the excitation of rf waves in 
SHEILA.
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Figure 2.6: Basic shape of the double-loop antenna for a cylindrical plasma 
(a) and in SHEILA (b).
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Connected in this way. the antenna is electrically floating with respect to the 
SHEILA vacuum tank. The antenna is covered with 2-3 layers of ”kapton" tape 
for added insulation. The antenna is mechanically supported by and electrically 
insulated from the coiis in SHEILA by various plastic strips.
2.4 D iag n o s tic s
2.4.1 O verview
Current in the main electrical feed and the resistive shunts of SHEILA is measured 
using Rogowski coils followed by active integrators (integration time constant: 
lm s. decay time constant: Is) .  The magnitude of the magnetic field Bo in
SHEILA is calculated using the Rogowski coil on the main electrical feed from 
the calibration B0 (gauss) =  1198.0 x integrated Rogowski signal (volts). An 
rf current probe placed inside the impedance matching network box measures 
current in the antenna. Forward and reflected rf powers are measured using a 
directional coupler.
Probe access to the plasma in SHEILA is through fourteen 2.5 cm diameter 
ports and two 12.5 cm diam eter ports (one of which is used for the antenna). 
Figure 2.7 shows the toroidal locations of these ports and also which ports have 
line-of-sight access to the plasma axis. Langmuir probes are used to measure 
plasma density. A 2 mm microwave interferometer measures the line-of-sight- 
averaged electron density and is used to calibrate these probes. Plasma tem per­
ature, floating potential and electron energy distribution functions are inferred 
from Langmuir probe characteristics. Estim ates of the m agnitude and rf varia­
tion of the plasma potential are made from emissive probe characteristics through 
the inflection point method [67, 73]. A paddle probe is used to investigate the 
direction of any anisotropy of non-Maxwellian features in the electron distribu­
tion function. A spectrum  analyzer is used to monitor signals from a Langmuir 
probe. Local magnetic measurements of the launched wave field are made using
15
antenna
S>
2-D
manipulator
210
240
visible light 
detector
270
p wavelength 
measurement 
ports \
helical winding 
current feed
Figure 2.7: Radial diagnostic ports available in SHEILA. The ports de­
noted by (*) have iine-of-sight access to the plasma axis.
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mm
tungsten 
wire " 2 mm
ceramic
tube
stainless 
steel _  
plug
variable
probe
bias
stainless 
steel _  
tube
insulated
wire
connector
Figure 2.8: Langmuir probe construction and biasing circuit. For mea­
surements at 0 = 150° a lOOpF capacitor is connected across the output 
resistor to reduce rf pickup.
magnetic probes. These diagnostics are described in the following sections.
2.4 .2  L a n g m u ir  p ro b e s
Figure 2.8 shows the construction of two single Langmuir probes used in these 
experiments. Both probes are built using a 1 mm diameter tungsten wire enclosed 
in a thin-walled silica tube. This tube is funnel-shaped near the tip of the probe 
to avoid being contaminated with sputtered metal particles. A 2 mm length of 
the tungsten wire tip is exposed to the plasma. One Langmuir probe is used at 
either q> —  0° or <p = 345° for radial density measurements or to monitor the 
plasma density. The second longer Langmuir probe allows access at (f> = 150°. 
This enables measurements to be carried out closer to the antenna.
Density measurements are made by biasing a Langmuir probe to a large neg­
ative voltage (i.e. Vg ~  —120 V) so that the probe draws ion saturation current
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(the current drawn when only ions are a ttracted  to the probe). Both electron 
tem perature and the electron energy distribution function are determined from 
the characteristic curves of a single Langmuir probe obtained by changing the ap­
plied bias from shot to shot. (The surface of the probe tip is cleaned between each 
set of measurements by a glow discharge  ^— 700 V applied to the probe through 
a 22 kD current limiting resistor in argon at ~  50m Torr).) The electron dis­
tribution function is determined from the first derivative of the current-voltage 
characteristic. It can be shown [43] tha t this first derivative, for Maxwellian 
bulk electrons with a one-dimensional drifting Maxwellian (or “bump-on-tail” ), 
is proportional to the electron distribution function with the electron velocity v 
replaced by vmtn =  (2e(VP -  VB) / m e)l/2,
Here rih, and n0 are the electron densities of the beam and Maxwellian bulk,
beam along its direction of motion. Bulk electron tem perature Te is found from 
the slope of In / e vs. VB where / e is the measured electron probe current.
Langmuir probe characteristics are affected by both magnetic and rf fields 
[43, 25, 70]. Strong magnetic fields can influence Langmuir probe characteris­
tics, resulting in the incorrect determ ination of the electron distribution, floating 
potential, density and. especially, the plasma potential. RF fields can make the 
plasma potential fluctuate at the rf frequency, introducing time-averaging errors 
into the probe characteristic through the probe and sheath impedance.
Sheath effects
The effect on the ion saturation current of the ion sheath surrounding the probe 
tip can be characterized by the ratio £ =  r p/A^, where rp is the radius of the 
probe and A,f is the Debye length. £ ~  50 — 300 in the experiments presented here. 
Debye length corrections to Langmuir probe density measurements are therefore 
small. At large negative bias, however, the sheath thickness d can increase [43]
respectively, the drift velocity of the beam and the tem perature of the
IS
such tha t d/Xri oc (e(Vp — \'g )/Tr) ^ A where Vp is the plasma potential. Vg is 
the applied bias voltage and 71= is the plasma electron tem perature in electron 
volts. For parameters relevant to SHEILA the sheath at large negative Vg can be 
10 — 20Ajf. Langmuir probe density measurements are therefore calibrated using 
an interferometer, which will be described in the next section.
M agnetic field effects
The applied magnetic field has little effect on the ion saturation current drawn 
by a Langmuir probe because of the large mass of the ions. Furthermore, density 
measurements are calibrated by a non-perturbative interferometer. The effect of 
the applied magnetic field on the Langmuir probe characteristic, however, be­
comes more significant as the energy of the collected electrons decreases. Once 
the gyro-radius of the electrons becomes much smaller than the probe tip dimen­
sions only electron diffusion across magnetic field lines can replenish the electron 
population within those flux tubes which intersect the probe. The reduction of 
the electron saturation current is characterized [43] by a reduction factor r c:
rc 16Am f p  ‘
D l (1 + T j / T e)
Du 2xrn
where \ mf p is the mean free path  for electron-ion collisions, D j_ =  Dp/(1 + 
^’ce/^e:) IS the cross-field diffusion coefficient, where u>ce = e B o /m ec is the electron 
cyclotron frequency, vei the electron-ion collision rate, and D\\ =  Te/ m euex is the 
diffusion coefficient along the magnetic field lines. In SHEILA typical conditions 
are Tt <C Te ~  5eV in argon and Tt- <C Te ~  18 eV in helium. For conditions 
where maximum magnetic field effects occur (i.e. B 0 % 1800 gauss) one obtains 
a correction factor in argon (ne ~  2 x 1013cm~3, Am/ p ~  2 cm, D\\ ~  1.4 x 
108cm2s_1, D± ~  6 x 102cm2s_1) of r c ~  0.2 — 0.3 and in helium (ne ~  5 x 
1012cm-3 , A mfp ~  120 cm. D\\ ~  1.5 x 10locm2s-1 , D± ~  98 c rrrs-1 ) of r c ~  0.5 
for the electron saturation current. Experiments conducted in the JET  tokamak 
[71] have used a modified correction factor rc — x r c/S.  The value of this modified 
correction factor for SHEILA is r'c ~  0.1 —0.2. Calibrations presented by reference
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[71] on the effect of this correction show th a t electron tem peratures cietermineci 
from Langmuir probe characteristics under conditions relevant to SHEILA should 
have a maximum relative error of 30% if one uses the slope of the characteristic 
in the region where the bias is no more than 2Te/e  («  10 V) greater than Vp. 
the floating potential (as done for the results presented here). This relative error 
becomes much smaller at lower magnetic field values.
High energy features in the characteristic should be much less affected by 
magnetic fields because of the higher energy of the electrons collected. In fact 
it is shown in reference [71] tha t at bias voltages close to and below the floating 
potential a Langmuir probe characteristic is essentially unaffected by magnetic 
fields and records Te and the electron distribution function correctly.
RF field effects
RF plasma potential fluctuations can introduce time-averaging errors into the 
probe characteristic which resemble th a t for a drifting Maxwellian or "bump-on- 
tail" [8, 42, 32]. An example of the effects of current averaging (based on reference 
[43]) over a sinusoidal waveform of am plitude Vpp is shown in figure 2.9. The 
probe current in the diagram is modelled by Ie = exp(e(Vg — Vp)/Te) (where Ie 
is the electron probe current) which is clipped so as to model electron saturation 
current I*.
As seen in figure 2.9, current averaging effects become negligible at very 
negative probe bias. This implies th a t any time-averaging effects of rf fields can 
be ignored at the probe bias used to obtain density measurements.
At less negative bias voltages non-therm al fast electrons can reach the sur­
face of the probe. A non-Maxwellian feature such as a high energy population of 
electrons would modify the probe characteristic in this region. Figure 2.9, how­
ever, shows tha t rf fields in the plasm a can also produce a similar modification 
in the characteristic at VB = Vp — Vpp. Two features about this modification 
are im portant to note when interpreting experimental Langmuir probe charac-
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p robe  bi as  (e (VB- V p) / T e )
Figure 2.9: Time-averaged Langmuir probe characteristic (ion current sub­
tracted) for a sinusoidal plasma potential variation of amplitude Vrf —
10Te/e. Dashed lines show the instantaneous characteristic at maximum 
and zero deflections.
teristics. Firstly, the amplitude of the rf induced feature is a significant fraction 
of I*. Secondly, the characteristic above the rf-induced ‘knee' is not exponential. 
Measurements of Vrf and Vp, possible using an emissive probe [73] (see section 
2.4.4), assist in determining where rf may influence an experimental characteris­
tic. Interpretation of experimental characteristics, which include “bump-on-tair 
style features, is discussed in Chapter 5.
An estimate of the electron temperature Te can still be made from the char­
acteristic in figure 2.9 at sufficiently negative Vr since this portion of the curve 
still varies as exp(eVß/Te) once any additional electron features (i.e. “bump-on- 
tair’) and the ion saturation current are subtracted [42]. Electron temperature 
is then found from the slope of In < Ie > vs. Vr at negative values of Vp, where 
< 7e > is the measured, time-averaged electron probe current.
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Figure 2.10: The interferometer system.
2.4.3 M icrowave in te rfe rom eter
A double pass, 2 mm microwave Michelson interferometer is used to calibrate 
Langmuir probe density data by measuring the line-of-sight-averaged density. 
Figure 2.10 is a schematic of the interferometer system. Microwaves, generated 
by a carcinotron oscillator, are launched at o = 150° through a horn antenna 
after passing through two isolators and a waveguide mounted vacuum seal. The 
incident wave is reflected from a gold-plated mirror on the far side of the plasma 
and received by the same horn antenna. A diode detector monitors the reflected 
signal extracted by a directional coupler.
A small amount of sensitivity to the forward signal provides a reference sig­
nal whose amplitude is comparable with the reflected signal. These two signals 
therefore interfere. Introduction of plasma into the path of the microwaves in­
troduces an additional phase shift A (a result of microwave-plasma interaction) 
which depends on the plasma density. The line-averaged density can then be 
found [56] from A using
/•2/p Ac2me _ 2
/ n0 dl = cm
Jo \ e L
where A = 0.2 cm is the wavelength of the microwaves and lv is the length of the
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piasma scanned. This formula is vaiid only weii below cut off (n0 ~  2.S x 1014 cm "J 
for A = 0.2 cm). Figure 2.11 shows examples of the output from the interferome­
ter at conditions where one (B 0 = 840 gauss) and two ( B0 = 1630 gauss) fringes 
occur. The value of 1 /  n0dl is found to be 5.6 x 1013cm~2 when B0 = 840 gauss 
and 1.2 x 1014cm~2 when B q = 1630 gauss. Line-averaged density was calculated 
from Langmuir probe measurements of radial density profiles at o = 150° and 
compared with the interferometer output to calibrate the probes. The interfer­
ometer was not routinely available, and was only used to calibrate the Langmuir 
probes in argon. Calibration in other gases uses the fact tha t the ion saturation 
current scales as y m e/m t. All density data presented in the following chapters 
are measured by these Langmuir probes.
2 .4 .4  E m is s iv e  p r o b e
The active element of an emissive probe usually consists of a directly heated, 
thermionically em itting filament. A schematic of the probe used in SHEILA is 
shown in figure 2.12. A 40 ^m  diameter tungsten wire, approximately 1cm in 
length, is used as a filament (this gives a ratio £ =  rvJ\d  ~  5 — 15 for the 
experiments presented here). The filament is connected to two 1 mm diameter 
enamelled copper wires by crimping. These wires are shielded from the rf by 
grounded hypodermic tubing. The entire structure, except for the filament, is 
coated in Cerama Dip 53S paste to insulate it from the plasma. The emissive 
probe and driving circuit are biased like a Langmuir probe.
Emissive probe characteristics are strongly affected when the probe is aligned 
parallel to an applied magnetic field. Reasonably unaffected measurements, how­
ever, are obtained if the probe is orientated perpendicular to the magnetic field
[40].
As the emission of the probe is increased, the apparent ion saturation current 
increases (the em itted electron current is indistinguishable from collected ion 
current.) In this process the floating potential shifts to more positive voltages.
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Figure 2.11: Output of the interferometer (upper trace) and a Langmuir 
probe (lower trace) under conditions where (a) one (B0 = 840gauss) and 
(b) two (Bo = 1630gauss) fringes occur.
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Figure 2.12: Diagram of the emissive probe and driving circuit.
In the floating potential method of plasma potential determination the emission 
of the probe is increased until the floating potential cannot be increased any 
further. The floating potential a t this high emission is then an estim ate of the 
plasma potential, since electrons cannot be em itted if the probe is biased higher 
than the plasma potential. A probe in high emission, however, can have a double
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Figure 2.13: An emissive probe characteristic taken in argon at B0 «
1000 gauss and its derivative. Note the double peak, indicative that Vp «
25 V and VRF «  5 — 10 V.
sheath form around it because of space-charge limitations [25]. This gives rise to 
inaccuracy in the measurements. Furthermore, in a magnetic field high emission 
can severly perturb the plasma [67]. In preliminary measurements in SHEILA 
the floating potential shifted to more positive voltages at low emission levels as 
the apparent ion saturation current increased, but at high emission levels the 
floating potential shifted to more negative voltages, implying that the probe was 
then perturbing the plasma.
Differentiating the characteristic of an emissive probe in a quiescent plasma 
gives rise to an inflection point at the plasma potential [67]. A plasma potential 
oscillating at rf frequencies modifies this characteristic since the probe measure­
ment averages over the fluctuations. The resulting differentiated curve has two 
peaks separated by approximately 2Vrf and a central dip which corresponds to 
the average plasma potential [73]. Estimations of Vrf and Vp using this method 
become more accurate in the limit of weak emission.
26
- 0 .0 2  L
- 2 0 0  0 200
bias (volts)
Figure 2.14: An emissive probe characteristic taken in helium at B0 «
1500 gauss and its derivative. Again note the double peak, indicative that 
Vp «  60 — 70 V and VRF «  60 — 70 V.
Since the inflection point method becomes more accurate in weak emission 
and the emissive probe is less likely to perturb the plasma in weak emission, exper­
imental measurements were taken at very low emission. Figures 2.13 and 2.14 are 
examples of characteristics taken in argon and helium, respectively, at 6 — 150° 
(the same toroidal location at which “bump-on-tail" features are seen in Lang­
muir probe traces). In helium the probe could not be biased further into electron 
saturation because some instability was activated at Vp > Vp resulting in large 
varying probe signals. This is possibly related to the excitation of electrostatic- 
ion-cyclotron waves by a probe biased more positive than the plasma potential 
[43]. Results from these measurements are used to interpret Langmuir probe 
characteristics in Chapter 5.
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Figure 2.15: Construction of the paddle probe.
2.4.5 P add le  p robe
In SHEILA a paddle probe is used to try to determine whether the “bump-on-tail” 
feature seen in Langmuir probe traces has a preferred direction. A paddle probe 
consists of two planar collecting Langmuir probes separated by a thin insulator. 
Figure 2.15 shows the construction of the paddle probe. Each “paddle” is made 
from 0.25 mm diameter tungsten wire flattened into a rectangle approximately 
1 mm by 1.5 mm. The tungsten wires pass through two parallel holes in a 2.25 mm 
diameter ceramic rod. The outer section of the ceramic is cut away in the region 
where the paddles are mounted, with a small wall of ceramic left in between them.
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Figure 2.16: Frequency spectrum (100 kHz bandwidth) in argon with /  =
7 MHz.
Usually a paddle probe is biased into ion or electron saturation to deter­
mine a drift velocity. Here, however, a simultaneous characteristic is taken of 
both paddles to try to determine if the small “bump-on-tail” feature seen in the 
Langmuir probe characteristics has a preferred direction. Both paddles are glow 
discharge cleaned between each set of measurements using the Langmuir probe 
cleaning method described in section 2.4.2.
2.4.6 Spectrum  analyzer
Both HP8558 and HP8554B/HP8552B spectrum  analyzers have been used to 
observe the frequency spectrum  of signals from a Langmuir probe (term inated in 
50 ft) at 6  =  0° in the center of the plasma. The signal is attenuated and isolated 
before reaching the spectrum analyzer. The analyzer is continually swept over the 
required frequency range in 5 ms intervals over a SHEILA pulse. The performance 
of the analyzer for these sweep rates is checked with known test signals and is
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Figure 2.17: Frequency spectrum (100 kHz bandwidth) of a Langmuir 
probe biased more positive than the plasma potential in a helium plasma 
with /  = 28 MHz.
found to be accurate to within ±2 dB.
Figure 2.16 shows a frequency scan in argon with /  = 7 MHz and Bo ~  
1400 gauss. A number of harmonics of the fundamental frequency are seen (this 
may be caused by a sheath effect [66]). Harmonics are also seen in helium with 
/  = 28 MHz.
Measurements have also been taken with the Langmuir probe biased to ob­
serve any changes in frequency response with changing conditions of the sheath 
around the probe. The frequency response remains relatively constant; however, 
at large positive bias (VB > Vp) sidebands arise around the main frequency peak. 
This feature is most clear in the helium plasma and is shown in figure 2.17 for 
/  = 28 MHz and B0 ~  1500 gauss. A possible explanation of this feature is that 
electrostatic-ion-cyclotron (EIC) waves may be excited by the probe at these 
unusual bias levels, as observed [43] when a Langmuir probe was biased more 
positive than Vp in a magnetized plasma. The offset of the sidebands of approx-
30
f =  2 8  M H z
f r e q u e n c y  ( MHz)
Figure 2.IS: Drift wave induced sidebands in a helium plasma. The fre­
quency spectrum shown is taken with a 10 kHz bandwidth. The dashed 
line denotes the spectrum of signals from the antenna current probe.
imately 3 MHz from the main signal of 28 MHz is consistent with a wave number 
k ~  18 cm-1 calculated from the dispersion relation of EIC waves (u 2 = k2c2s-\-to2i: 
where cs is the ion-acoustic speed and u cx is the ion-cyclotron frequency.) This 
is a reasonable value for conditions relevant to SHEILA, noting that EIC waves 
propagate almost perpendicular to B 0.
Lastly, small amplitude, low frequency sidebands to /  = 28 MHz are seen in 
the helium plasma as shown in the frequency scan of figure 2.18. This is indica­
tive of drift waves which modulate the medium and therefore generate sidebands 
displaced by about 100 kHz from the main frequency. These sidebands are signif­
icantly enhanced when a standard [64, 65) ac ohmic plasma production method 
is used concurrently with the double-loop antenna in SHEILA. This standard 
plasma production method is known to produce conditions in which drift waves 
are excited. Drift wave signals are absent from the argon plasma, even when the 
standard plasma production method was activated.
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Figure 2.19: (a) Basic center-tapped design, (b) modified design.
2.4.7 M agnetic probes
Magnetic probes are used to measure the structure and wavelength of waves in 
SHEILA. The probes are a variation on the basic center-tapped design (see fig­
ure 2.19(a)), which has good electrostatic rejection [20, 52, 61]. Each probe is 
wound with two wires superimposed, as shown in figure 2.19(b), and mounted 
on the center conductor of a 2.2 mm diameter 50 Q semi-rigid coaxial cable. The 
design remains "center-tapped ’, with one of the windings of the center-tapped 
version moved so as to totally overlap the other [9]. Only winding A, however, 
contributes to the inductive signal. Capacitive pickup generates currents in oppo­
site directions in windings A and B. The induced magnetic field from the current 
of winding B therefore opposes that in winding A. The close coupling between the 
two windings thus acts to subtract capacitive signals from winding A, reducing 
capacitive pickup below that for a single winding. This construction avoids the 
need for subtraction of signals necessary in the usual center-tapped design, since 
this is inherent in the circuit.
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Figure 2.20: The magnetic sensitivity (plain line) of a magnetic probe 
of the construction used in SHEILA. Also shown is the relative capacitive 
pickup of such a probe (A), a singly wound probe (o) and a traditional 
center-tapped probe (*).
Each winding has ten turns of 0.04 mm diameter varnished copper wire, 
and has a length ~  3 mm and a diameter ~  2 mm. This gives good spatial 
resolution and a frequency response (25 0/27xL % 120 MHz) necessary for the 
given rf frequency range. A 6-wire electrostatic shield is also placed over the probe 
tip to help reduce capacitive pick-up. Figure 2.20 is an example of the magnetic 
sensitivity and capacitive rejection of one such probe. The magnetic sensitivity 
is measured using a Helmholtz coil while the comparison of electrostatic pickup 
uses a capacitive metal cup.
The magnetic probes are inserted into the plasma inside ~  6 —8 mm diameter 
glass sheaths. For radial scans, a sheath is inserted the required maximum depth 
into the plasma and the measurement probe is moved within the sheath. Signals 
from the probes are fed into a quadrature detector system (based on a mini- 
circuits ZAD-6 double balanced mixer) using the rf signal from the Yaesu FT-
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Figure 2.21: (a) Flux surface and (b) the corresponding azimuthal scan 
template.
102 transceiver as a local oscillator. Outputs from the system are Aocost? and 
Aq sin!?, where A0 is the amplitude of the signal and i) is the phase difference of 
the signal from the local oscillator. In later experiments an 8-channel quadrature 
detector system [36] based on a Motorola 1496 double balanced mixer is utilized 
for the same purpose. Testing and calibration of the system is accomplished by 
a beat-wave test, where a signal of known amplitude at the test frequency is fed 
into the system and the local oscillator is slightly offset in frequency from the 
test signal (by ~  100 Hz). This method allows immediate amplitude and phase 
calibration.
Azimuthal scans are made through the large radial port at (j> = 150° using 
a 2-D manipulator [65]. A magnetic probe is fully inserted into a 7 mm diameter 
glass sheath which is then moved by the 2-D manipulator to the required mea­
surement points. For azimuthal scans the probe is guided using a flux surface 
cross-section template calculated using the HELIAC code [37] and scaled appro­
priately to compensate for the leverage effects of the manipulator. Figure 2.21
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shows the template used to conduct azimuthal scans of the launched wave held. 
The points on the flux surface are such that they are equally spaced in azimuthal 
angle in a straight held line coordinate system.
It is found that the plasma is significantly perturbed when the glass sheath 
at d) = 150° intersects a large section of the plasma. Plasma densities are signifi­
cantly lowered when this occurs. A criterion used to dehne a useful measurement 
for an azimuthal scan has been taken as the plasma density remaining within 
50% of the unperturbed density. Useful scans are thus limited to those locations 
where the probe does not intersect the plasma axis (i.e. along an azimuthal path 
covering 180° around the outer part of a flux surface).
2.4.8 D a ta  acquisition  and  analysis
The MIT Data System (MDS) software is used to acquire data on SHEILA. Out­
puts from diagnostics are connected to a 8212 and a 8212A CAMAC controlled 
analogue to digital converters with 12 bit resolution. The 8212 operates at a 
5 kHz sampling rate for slow signals (such as the main magnetic field pulse) and 
the faster 8212A operates at a 10 kHz sampling rate (40 kHz for spectral data) 
for more rapid signals (i.e. Langmuir probe output). Digitized data is then sent 
to a Vax workstation for storage and analysis. IDL (Interactive Data Language) 
was used in conjunction with MDS commands to write custom analysis programs. 
Full plotting facilities are available in IDL.
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C h ap te r  3
H elicon W ave P ro p a g a tio n
3.1 C old  p la sm a  d isp e rs io n
V
in a Cartesian coordinate system. Here
K l 1 >: X 0
* A'x K l 0
0 0 I<\
A'. = 1 - v 2( l - ß +ß-)
( i - ß l ) d - ß l )
A'x =
*2(ß- -  ß+) 
( i - ß D ( i - ß l )  
Kn = 1 -  er2
(3.1)
Wave propagation in a cold plasma can be described [2, 47] by the wave equation
L0~
V x V x E ---- -K  • E = 0
c2
where E is the rf electric field and K is the dielectric tensor given by
' A'i :x  ^
K = (3.2)
(3.3)
and cr2 = (cj2e + uj^ / u 2, ß_ = ioce/u>, ß+ = u;ct/u; with Ljce,uci the electon 
and ion cyclotron frequency, respectively, and Lope,LJpi the electon and ion plasma 
frequency, respectively. It is assumed that the fields vary as exp i(k • r — cot). For 
a homogeneous plasma, one can rewrite equation 3.1 using the refractive index
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n =  ck/üj where k is the wave vector of the wave.
n x ( n x E )  +  K ' E  =  0 . (3.4)
If we define the z-axis to lie along the applied m agnetic field B0, the  y-axis to 
point in the B0 x k direction and 0 to be the  angle k makes w ith B 0, then  
tt|| =  ncosO and n± = nsmO.  Assum ing th a t n\\ is fixed for a given set of 
param eters, one can obtain an equation for n±_ by noting th a t a non-zero solution 
exists for equation 3.4 only when the de term inan t of the coefficients vanishes. 
This can be expressed as
A n \  -f Bn]_ + C = 0 . (3.5)
The coefficients of this dispersion relation are [2]
A  =  A d
B = ( n l - K L) ( K \  + K {l) + K l  (3.6)
c =  K v [ ( n Z - K \ ) 2 -Kl}.
E quation 3.5 has two solutions which correspond to slow and fast waves. W hen 
the  solutions are distinct from each o ther (B 2 >> 4A C  - see section 3.6) they can 
be w ritten  as [7, 22, 45, 47]
n 2I s
n 2J_f
A'i I<1
K K
Kl -(njj -  A'i) 2
(njj -  K l ) +  K i / i q
(3.7)
w ith the  subscripts ‘s ’ and T  referring to  the  slow and fast wave roots. F igure 3.1 
shows th e  behaviour of these roots for fixed frequency, m agnetic field and  a p ar­
allel index of refraction satisfying nj| >  1/(1 — tu2/u>ceLjci) (w ith this restric tion  
the  slow and fast wave branches do no t coalesce [47]).
Helicon waves lie on th e  fast wave branch  and are characterized by a large 
index of refraction (njj [Kj_, K \ ! K ||]). T he waves are also defined to propagate 
in the restric ted  frequency range ujci <C u  <C cjce and are therefore essentially low
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Figure 3.1: Variation of n]_ with density for ny = 75, /  = 7MHz and 
B0 = 1500 gauss.
frequency whistler waves. Taking these limiting cases the fast wave root can be 
written as [54. 55, 72]
njj n i, + njj = A'* (3-8)
or
k\A + ki = ^ ) 2 (3-®)
which is the helicon wave dispersion relation. Note that the dispersion depends 
only on fcjj and therefore the wave retains its polarization [26] with respect to B 0 
irrespective of the sign of ku. The slow wave root becomes resonant at K± = 0, 
corresponding, in the above frequency limit, to the density at which to2 = uj2lh = 
^ce^c»/(l + u^e/Wpe) where ujih is the lower hybrid frequency.
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3.2 C y lin d ric a i p la sm a
Plasma boundary conditions can restrict helicon wave vector values. For sim­
plicity, helicon waves can be analyzed in a cylindrical geometry using the three 
linearized equations [29]
1 dB
V x E = — —  (3.10)
c at
V x B = — j (3.11)
c
E = —  j x B 0 (3.12)
en0c
where n0 is the equilibrium density, B 0 = B0z is the applied magnetic field de­
fined to lie in the z-direction, and B. E, j are the perturbed magnetic field, electric 
field and current, respectively. Equations 3.10 and 3.11 describe the propagation 
of an electromagnetic wave and equation 3.12 describes the plasma response to 
the wave. In this respect these three equations are a simplified version of equa­
tion 3.1. Displacement current is neglected in equation 3.11 as it is assumed that 
the phase velocity of the wave v$ is much less than c [46], Equation 3.12 is a 
simplified version of the generalized Ohm's law, wherein the following approx­
imations are made [5, 29, 35, 46]: the pressure term is neglected because it is 
assumed that radial pressure gradients in the plasma are negligible, the electron 
inertia is neglected since lu <C u;ce, ion motion is neglected assuming that v$ V\ 
where V\ — Bl/i'irn0'ml is the Alfven velocity and that wy(u;2 + u2) u ceujn 
where v is the electron collision frequency. Finally, in this section the resistivity 
is assumed to be zero so that Ez = 0. Section 3.5 deals with the effects of finite 
resistivity. Assuming perturbations of the form exp i(m0 + fcnz — u p , where m 
is the azimuthal mode number and k\\ is the wave number parallel to Bo, and 
substituting the combination of equations 3.10 and 3.12 into equation 3.11, one 
obtains
V x B = aB  (3.13)
where
_  ^  ^pe
k\\ u cec2
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Taking the curl of equation 3.13 leads to the following equation:
V2B + q2B = 0 (3.15)
The form of this equation is similar to that of waves propagating in a cylindrical 
waveguide.
The z-component of equation 3.15 written in cylindrical coordinates [29] is 
Bessel's equation
f)2 R  1 f ) R  (  _ m 2 \
(3.16)
d Bz i dBz 
dr2 ^ r dr ~r2+ [k l  -  —  ] Bz =  0
where kj_ is the perpendicular wave number satisfying
a 2 = ku + k' (3.17)
The combination of equation 3.17 with the value of a  (equation 3.14) gives the 
helicon dispersion relation (equation 3.9). This can be written in a form to relate 
density with applied magnetic field and parallel and perpendicular wave numbers,
1/2
*j*|| +  *j|) (3.18)Bo 4 k ecu
If k± is fixed by boundary conditions and if k\\ is determined by the experi­
ment, equation 3.18 can infer the optimum density. Also from equation 3.17 and 
equation 3.14 one can write a 2 = u>u2e/(c2u;C€ cos if;) where if; is defined as the 
resonance cone angle. Therefore in this simple treatment there is no resonance 
cone condition [15]. If electron inertia is included [6, 11, 13, 15] in the treatment 
cost/? = u/<jjce but, since u; <C c jce for helicon waves, ii> ~  90°.
Choosing solutions for Bz from equation 3.16 which are finite at r = 0 and 
substituting these back into equation 3.13, one obtains the radial variation of the 
three components of the magnetic wave fields
Bz
Br
A  k jl Jm. ( k j_ T ) 
iA
= j r  (™aJm(k±r) +  knJ„(k±r)^ )
Be =  _ p "  {j^k\\Jm(kj_r) + aj'm(k±r) (3.19)
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Figure 3.2: Radial variation of the m — 0 and m = 4-1 modes for helicon 
waves in a cylindrical plasma of radius a = 3.5 cm with /  = 28 MHz and 
fc|| = 0.18 cm-1. kL is obtained from boundary conditions.
where A is an arbitrary amplitude, J m is a Bessel function of the first kind and (') 
denotes d/dr.  An example of the radial variation of m =  0 and m = +1 modes 
is shown in figure 3.2 for the lowest radial mode number.
The boundary conditions existing at r — a define the allowable values of 
k±. An insulating wall at r = a implies that j r = 0. Noting that j a  B from 
equations 3.11 and 3.13, this implies that Br = 0 at r = a. A conducting 
boundary requires that Eq = 0, or, from equation 3.10, that again B r = 0 at 
r = a. The dispersion relation restricting the values of k±_ is therefore given by
maJTn(k_La) 4- k\\aJm(k_ia) = 0 . (3.20)
Note that the rotation of the helicon wave mode structure for m /  0 at a given 
location over time is determined by the direction of B 0 and not by the sign of 
fc|| [26] since a depends on k\\ in this dispersion relation. The mode structure for 
m ^  0 then simply rotates to keep md -+■ kz constant [29].
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This dispersion reiation is also obtained for vacuum boundary conditions. 
In vacuum there are no conduction currents [46] so that V x B = 0. implying 
that B = 'vp  where p is a scalar. Since V • B = 0, V 2p  = 0 which gives rise in 
cylindrical coordinates to modified Bessel functions K m. Therefore
d(p
Bz(r > a) = —  = iAk±k\\Km(k\\r)
1 dp mBd{r > a) = = iAkL — I\m(k\\r)
r eld r
(3.21)
(3.22)
Enforcing continuity across the plasma-vacuum boundary, Bz(a —  e) =  B z(a + e) 
and Bg(a — e) =  Bg{a + c) as e —*■ 0, gives equation 3.20. The independence of 
equation 3.20 on boundary conditions arises from the simplicity of this treatment. 
For example, once electron inertia is included in the analysis differing boundary 
conditions do affect kj_ at frequencies approaching u ce [15]. This effect lies outside 
the helicon frequency restriction u ct- <C u; <C u;ce.
A mixture of azimuthal modes can sometimes coexist in a plasma. The 
measured magnetic wave field would then be a mixture of these components
B(0) = Y ,  ßm exP (imO) . (3.23)
m
If only m = +1 and m = 0 exist, then, to first order, the measured azimuthal 
phase $ would be [44] the real part of
B l > B° : <&(<£) = — i ln(exp (iO) -f —-)
B  i
B° > B l : $(<£) = exp (iö) + l) . (3.24)
B o
This corresponds to the beating of m = +1 and m = 0 components. A dominant 
m = +1 mode would then have a sinusoidal variation imposed upon its azimuthal 
phase variation by a small amount of m = 0 present in the plasma.
3.3 C ircularized coord in ates
The non-circular shape of the cross-section of the plasma in SHEILA makes it 
difficult to compare experimental measurements with theory based on a cylindri­
cal model. One method which has been used successfully in the past to analyze
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drift waves in SHEILA [64l is to convert experimental measurements to a straight 
field line magnetic coordinate system in which the plasm a cross-section is "circu­
larized.” Radial scans measuring across the narrowest cross section of the bean­
shaped plasma in SHEILA (i.e. at toroidal location © =  0) are then converted 
to circularized coordinates by simply mapping the measured radial dimension to 
the radius of a cylinder which has an area equal to the magnetic surface on which 
the point lies. It is convenient in azimuthal scans th a t measurement points are 
spaced so th a t once mapped to circularized straight field line coordinates the 
data are spaced equally in azimuthal angle. The tem plate shown in figure 2.21 of 
section 2.4.7 is an example of this.
3.4 N o n -u n ifo rm  ra d ia l d e n s ity  p ro file
Another difficulty in comparing simple cylindrical theory with measurements in 
SHEILA is due to the effect of radial density variation. The simple theory of 
section 3.2 assumes the density to be uniform over the diam eter of the cylinder 
whereas the plasma in SHEILA has a peaked Gaussian profile. Although it will 
be shown th a t uniform cylindrical theory agrees quite well with experimental 
measurements, inclusion of a non-uniform radial density profile may explain some 
of the deviations of measurements from the simple cylindrical theory.
The equations
V x E =  -If
_  47r .
V x B =  — j
c
ecn0(r)E  = j x B 0
(3.25)
(3.26)
(3.27)
are the starting  point again, however, n0 in equation 3.27 is now a function of 
radius r  (it is still assumed that the plasma is uniform in the axial and azim uthal 
directions.) Taking the curl of this equation and using equation 3.25 gives
V n0 x E f ------ B =  —1— j (3.28)
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Note that from equation 3.27 E~ — 0. and that Vuo lias a component only in 
the radial direction. The term  V n0 x E is therefore non-zero only in the axial 
direction. The equations for j in the radial and azim uthal directions then remain 
the same as for uniform n0.
en0uj 
J  T,d I E )
HI-DO
(3.29)
Substituting these values into the r  and 0 components of equation 3.26 and solving 
for B r and Bg in terms of B z gives
ik II d B z
B r = 
B e =
imqn  o
rg
— mk\
B s +
Br -
g dr 
qn0 d B z
(3.30)
ro g dr
where c =  Xneu /  ck\\Bo and g =  q2n^ — k^. Substituting these values into V -B  = 0 
gives a second order differential equation [5] for B z
V 2Br ~
2q2n0 dn0 dB ,  
g dr dr +
2 2  ( ,  , 2k\\\ s m d n 0
^ o -  1 +  —
where
d2B ,  l dB,V 2 B  =  ___ -  4----------
2 d r2 r dr
g J k\\r dr
-
B, = 0 (3.31)
(3.32)
This equation can be integrated for a known n0(r) given appropriate boundary 
conditions at r = a for both B,  and d B , /d r  and at r  =  0 for either of these. An 
m = 1 mode would have B,  = 0 at r  =  0 as derived from the radial component of 
equation 3.26. Conducting boundaries at r  =  a sets Eg(r = a) = 0 =  B r(r =  a), 
implying that for m  = 1, d B , / d r  = —qn0B z(r = a)/k\\a. The value of B z at 
r = a is arbitrary and defines the wave amplitude.
3.5 D am ping
Both Landau damping and collisions produce a drag on electron motion along 
B 0. Damping of helicon waves occurs as a result of these phenomena which are 
associated with a finite E,  component [29]. In a situation where there is no
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damping, the time varying perpendicular components of B induce an E z which 
is cancelled by the space charge of the wave [29]
V - E  =  V • (j x B 0)/e n 0c =  B 0 • (V x j ) /e n 0c
=  d - a ß .  . (3.33)V
A non-zero total Ez arises when there is an inbalance of these forces caused by 
damping. It is assumed th a t damping occurs predominantly in the direction along 
B 0 because of the strong applied magnetic field. The perpendicular inertia and 
the finite Larmor radius of electrons are therefore ignored. In this situation anal­
ysis can concentrate on the equation for j z since the equations for perpendicular 
motion are not changed.
The next two sections deal with collisional and Landau damping and are 
based on theory developed by Chen [27, 2S. 29].
3.5.1 Collisional dam ping
Introduction of plasma resistivity adds a term  to the simplified version of the 
generalized Ohm's law, equation 3.12,
1 • Z TTlg , . . .  y _ \
E =  ------j x B 0 -------- y(u; +  zi/)j , (3.34)
enoc n0ez
where u is the electron collision rate. Electron inertia has also been included in
this equation since it is required for comparison with the derivations of Landau
damping. The additional current term  in the parallel direction is therefore
. _  iu 2pe E z 
^z 47T (u; +  iv)
Combining equation 3.34 with equations 3.10 and 3.11 yields [29, 38, 46] the 
relation
(u; +  zT)V x V x B — A:||u;ceV x B 4- ak\\ujce'B =  0 (3.36)
which has the general solution B =  B i +  B 2 where
V x B j — /^ B i
V x B 2 =  ß2B 2 (3.37)
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and 3\ ana  3o are the roots of
[lj 4- i i s ) 3 2 -  k'\\*jjcef3  -f h \ o : c e a  =  0 . (3.38)
The root corresponding to the helicon (fast) wave is
1
Ä ~ 2 } L i — V ( x — 4q t ) (3.39)
where 7 = (u + fz/)/fcyu;ce. For small a 7 this root can be approximated by
2
ßi =  a 1 +  —
V U)nl, 1 + UJ J
(3.40)
In this analysis 3\ replaces a  in equation 3.13 and
ß \ = (3.41)
Since k± must be real to satisfy boundary conditions [29] A;|| must have an imag­
inary component when ß\ is complex. To derive an equation for this damp­
ing in the parallel direction, one can define Ar|j = kry + ik^ 8 = A:t||/A:r|| and 
a =  a 0/ ( l  + 18) where oo = (kr\\ucec2). Rewriting equation 3.40 with
these definitions and using the imaginary part of equation 3.41 (recalling that 
Im(fcj.) = 0) one obtains an estimate of to first order in 8
=  , J ^ ( a o C
1 + kA
«0
(3.42)
This is an estimate for the damping of helicon waves in a plasma with a net 
collision frequency v. In the rest of this thesis “fry” will denote kry. For purely 
collisional damping v would correspond to electron-ion collisions. It will be shown, 
however, that Landau damping can produce an additional effective collision rate.
3.5.2 Landau damping
Kinetic effects such as wave-particle interactions can be included in a treatment of 
helicon wave damping by using the Vlasov equation to solve for j z. Perpendicular 
inertia and kinetic effects are considered to be negligible since it is assumed that
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there is a strong applied magnetic field (i.e. above 100 gauss 129j ) and u  a;ce. 
The z-component of the linearized Vlasov equation is
edfi  , dfi   d f 0 _  
tj---- r -----------Ez —— — 0 (3.43)
where /i is the perturbed distribution function and / 0 is the equilibrium distri­
bution function. Assuming fi  cx expi(k\\z — ut)  one can solve for f\\
f ' =
(3.44)
This value can be used to derive an equation for j z since
j z  = - e  j  vzf xdvz
ie2Ez f  vzd f 0/dv z
dvz
me J (jj -  A*||U,
Assume a Maxwellian equilibrium distribution function
fo — \/xvtl
(3.45)
(3.46)
where (2kTe/ m e). Equation 3.45 then becomes
i UJ.
Jz
2 F
I
where
/  =
/cut/l47rv/r
(e-s ) dss d
(3.47)
(3.48)
s — £ ds
with f = iu/k\\vth and s = vz/v t/l. Integrating this by parts yields the plasma 
dispersion function Z :
/■ e~s2
i  = f
(3.49)
- ( s - 0 2
where the (') denotes differentiation with respect to £. Equation 3.47 can then 
be written as
ILOt
Jz  — 47ru; E,ez(i) ■
Comparing this with equation 3.35,
Jz
iu;e Es
47r (u; -f iu)
(3.50)
(3.51)
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a r g o n T M Hz helium . 28 M Hz i
u! ( s ' 1 4 .4 X 1 0 7 1.8 x 108
n e cm 2 .0 X 1 0 13 5.0 x 1012
U Ce ( s ' l ) 2 .6 X i o 10 2.6 x IO10
(s ' ’ ) 3 .6 X 1 0 5 3.6 x 106
Wpe (s' *) 2.5 X 1011 1.3 x 1011
Wpi (s ' ‘ ) 9.3 X 108 1.5 x 109
Table 3.1: Typical SHEILA plasma parameters for B0 = 1500 gauss, 
implies an effective collision frequency for Landau damping,
-“ ' ü H s y  ■ i3s2)
The coilisional frequency in the estimate for helicon wave damping (equation 3.42) 
therefore can consist of both an electron-ion collision frequency ^ei and an effective 
Landau damping collision frequency uid
v -  vei + vld • (3.53)
The Landau damping contribution becomes significant when £ —► 1, that is, when 
the phase velocity of the helicon wave v$ slows to become of the same order as 
the thermal velocity of the electrons vth-
3.6 P lasm a param eters
The majority of experiments presented here are carried out either in argon with 
/  = 7 MHz or in helium with /  =  28 MHz. At high magnetic field values (i.e. 
B0 > 800 gauss in argon, B0 > 1300 gauss in helium) the density is relatively 
high and measurements are more reproducible than at low magnetic fields. Basic 
plasma parameters in this regime are shown in table 3.1 for Bo =  1500 gauss and 
an input rf power of approximately 2.5 kW. Note that the helicon wave frequency 
condition u ct' < w <  u ce is satisfied.
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a rg o n ,  i M H z i helium. 2S M H z i
*11 1—3.3 x  107 1 o< i—* X o
I<± - 3 .5  x  iO2 - 4 .6  x 101
K x 5.5 x 104 3.4 x 103
A - 3 .5  x  iO2 - 4 .6  x 101
B -1 .8  x 1011 - 4 .9  x 10s
C 9.8 x 10‘6 5.5 x 1012
B2 3.2 x 1022 2.4 x 1017
4 AC - 1 .4  x IO20 - 1 .0  x 1015
n\\ 5.6 x 103 9.0 x 102
Kl!« II - 9 .2  x  101 2.3 x 101
Table 3.2: Values of variables used in section 3.1 for conditions common 
at Bo = 1500 gauss.
The average measured helicon wavelength under these conditions (see Chap­
ter 4) gives k\\ % 0.11cm-1 for argon and &y ~  0.18cm-1 for helium. The 
corresponding phase velocities are u;/fcy ~  4 x 108cm/s for argon and u)/k\\ ~
1 x 109 cm/s for helium. The neglect to first order of displacement current in equa­
tion 3.11 is therefore justified since <C c. The Alfven velocity under these con­
ditions is V\ — Bq/ yj^rniorrii = 1.2 x 10' cm/s for argon and Va = 7.3 x 107cm/s 
for helium. The first condition for the neglect of ion motion in the generalized 
Ohm's law (equation 3.12), V±, is then satisfied.
The values of k\\ also imply a parallel index of refraction ny = ck^/uj ~  75 
for argon and ny ~  30 for helium. Note that this satisfies ny > C where C = 
1/(1 — (jj2/u>ceujci) = 1.7 for argon and C = 1.5 for helium so that the slow and 
fast wave branches are separate and do not coalesce.
Values of parameters relevant to the analysis carried out in section 3.1 are 
shown in table 3.2 for these plasma parameters. The values satisfy the conditions 
that B 2 4AC  and that n jj [/v j_, K^/K\\]. The fast wave root can therefore
be approximated in this parameter regime by equation 3.9, the helicon dispersion
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argon. 7 MHz i helium. 23 MHz I
^ e i: ( s-1) 5.S x 10' 2.1 x 106
^ e e  ( S " 1 ) 1.0 x 10s 3.6 x 106
Z'en ( S " 1 ) 1.3 x 107 1.1 x 10T
C  =  +  v l )l/2 ( s ’ 1 ) 5.7 x 107 1.8 x 108
U L H  ~  r / ^ c e ^ c t  ( S - 1 ) 9.7 x 107 3.0 x 10s
Table 3.3: Some collision and related frequencies for conditions common 
at Bq = 1500 gauss.
relation.
The value of some collision frequencies are shown in table 3.3 where it has 
been assumed that Te ~  5eV in argon and Te ~  18 eV in helium. A collision 
between two like particles (i.e. vee), necessary to keep the particles thermalized, 
results only in an interchange of the particles' respective momenta. This form of 
collision therefore does not contribute significantly to collisional damping. This 
exchange of momenta in a direction perpendicular to B0 can be seen as an ex­
change of Larmor orbits, implying that these collisions give rise to very little 
diffusion [26]. Therefore, one need not consider vet except in so far it may affect 
damping through modification of the electron distribution function.
The collision frequency between electrons and neutrals uen (using data for 
the total elastic scattering cross section [23, 53]) approaches to within one third 
of uj in the case of argon because of the high filling pressure commonly used in 
the experiments. The uncertainty in the measurement of Te also affects this since 
the measured value lies near the energy range where the Ramsauer-Townsend 
effect [23, 53] starts to become important, meaning that a small over-estimate 
of Te would give a much larger over-estimate in the level of i/en. At the lowest 
possible argon filling pressure at which average densities ho ~  2 x 1013 can still 
be produced, ven — 6.2 x 106s-1 for Te =  5eV.
Apparent ionization levels for argon and helium vary from 10% to 65% on 
axis depending on filling pressure and power levels. It should be noted that in
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helicon excitation experiments carried out in magnetized columns with an argon 
plasma a form of neutral pumping was seen which enabled the core of the plasma 
to be 100% ionized in a higher filling pressure [14. 77]. In any case, the ionization 
levels present in SHEILA do not seem to alter conditions so much that measured 
data cannot be realistically compared to theory developed for a 100% ionized 
plasma.
Taking i/e, as the dominant collision frequency, the value of £ does not satisfy 
the second condition for neglect of ion motion in the generalized Ohm's law, 
C ^  u l h , where lolh & yJujceujci. This point is elaborated in Chapter 6.
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C h a p te r  4
W ave M e a su re m e n ts
Investigations have been carried out to determine the nature of the waves launched 
from the double-loop antenna in SHEILA. Although this antenna design is known 
to launch helicon waves in magnetized columns [14] the performance of the de­
sign in a toroidal system has never been determined, especially in a plasma as 
convoluted as in SHEILA. The basic behaviour of the antenna-plasma system is 
investigated by presenting measurements of the variation of density with filling 
pressure, input rf power, radial position and magnetic field, and by determining 
the radiation resistance of the system. Following this, measurements of the wave 
fields launched by the antenna will be presented.
4.1 Effect of filling pressure and input power
To indicate the general behaviour of the antenna as a plasma source, the variation 
of peak central density with filling pressure and input power is shown in figure 4.1. 
All measurements in argon are for /  = 7 MHz and in helium are for /  = 28 MHz. 
In these scans it can be noted that there are certain values of power and filling 
pressure above which densities are significantly higher than at lower values. This 
behaviour of helicon wave produced plasma has been observed previously and it 
has been suggested [14, 17, 19, 58, 59] that under conditions which produce low
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Figure 4.1: Variation of density on axis with input power and filling pres­
sure at B0 ~ 1400 gauss in argon and B0 ~  1660 gauss in helium. Input 
power is defined as forward power Pj less reflected power Pr and is mea­
sured at a filling pressure of 5 mTorr in argon, 2 mTorr in helium. The 
error bars shown are indicative of shot-to-shot variability, except in critical 
regions (i.e. ~ 2 mTorr in argon at 1.3 kW).
density the coupling of power from the antenna to the plasma is predominantly 
capacitive in nature while under conditions favoring higher densities this coupling 
is mainly inductive. Standard conditions under which experiments are conducted 
in SHEILA are an input power of ~  2.5 kW and a filling pressure of either 5 mTorr 
of argon or 2 mTorr of helium. Under these conditions relatively high plasma 
densities are obtained and shot-to-shot reproducibility is good.
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4.2 V a ria tio n  of d e n s ity  w ith  m ag n e tic  field
The variation of average density with applied magnetic field B0 for argon is shown 
in Figure 4.2. Figure 4.3 shows corresponding measurements of the radial density 
profile at different magnetic field values. At low B0 plasma density is low and rises 
slowly with B0. Radial density profiles are also predominantly flat, implying that 
power deposition is not very centrally localized. As B0 rises a transition occurs 
to where the plasma density rises sharply with increasing magnetic field and 
the radial density profile becomes more centrally peaked. This sharp increase 
continues until a second magnetic field value is reached after which the density 
again increases linearly with B0 but with a reduced slope. This transition is 
similar to the low-to-high plasma density transition with increasing magnetic 
field seen previously in helicon wave experiments [14, 59] which was associated 
with a transition from capacitive to inductive coupling.
The variation of average density with B0 for helium is shown in figure 4.4 
and sample radial density profiles at different B0 are given in figure 4.5. A similar 
transition in density and profile occurs as for argon but at a higher magnetic field. 
The dependence on ion mass and rf frequency of the value of B0 at which this 
transition occurs will be presented in Chapter 6. Also note from the asymmetry in 
figure 4.5 (particularly for the two lowest magnetic fields) that the measurement 
probe has a significant perturbative effect in helium once it passes through the 
center of the plasma. A further example of the greater susceptibility of the helium 
plasma to measurement probe perturbation is seen in figure 4.6, which shows how 
a glass sheath at <?) = 150° affects the density measured at 0 = 0°.
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Figure 4.2: Average electron density in argon.
1400 gauss 
1040 gauss 
780 gauss 
650 gauss 
450 gauss
posi t ion (c m )
Figure 4.3: Radial density profiles in argon at d> = 0°.
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Figure 4.4: Average electron density in helium.
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F igure 4.5: Radial density profiles in helium at <f> =  0°.
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argon ^
helium
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Figure 4.6: Relative plasma density change at (j> = 0° as a glass sheath in 
a 2-D manipulator (used for azimuthal measurements) is moved vertically 
through the plasma at $ = 150°. The tip of the sheath is ~ 2 — 4 mm 
from the plasma center when the vertical position is in the same plane as 
the plasma axis (i.e. the origin). Density is normalized to the maximum 
density measured.
4.3 A n tenna coupling an d  pow er tran sfe r
Power coupling measurements as a function of Bo are shown in figure 4.7 for 
argon and in figure 4.8 for helium. These measurements are taken under con­
stant tuning conditions, as are all the measurements for any one parameter scan 
presented in this thesis. The small amount of reflected power Pr in comparison 
to forward power Pj is evidence of good impedance matching to the antenna. 
Loading measurements of the antenna system have also been carried out in the 
absence of plasma. Assuming that the current distribution in the system remains 
constant, these measurements give an effective “vacuum” (i.e. without plasma) 
resistance of Rvac «  1 at /  = 7 MHz and Rvac ~  3.5 H at /  = 28 MHz, which,
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along w ith  th e  m easurem ent o f an tenna  c u rre n t / „ ,  p e rm its  the  ca lcu la tio n  o f the  
p lasm a res is tance  Rp =  (Pf — Pr )/1* — Rvac. T h e  ca lcu la te d  value o f the  p lasm a 
resistance, show n in  figures 4.7 and 4.8, im p lie s  th a t  a p p ro x im a te ly  40% o f the  
in p u t pow er is los t to  Rvac (res is tance o f th e  a n te n n a  co n d u c to r and tu n in g  box 
com ponen t losses) w ith  a p p ro x im a te ly  60%  o f th e  pow er a c tu a lly  ra d ia t in g  in to  
the  p lasm a.
o oo oooooooo oo <xx>ooo<a>0 3>» eofro
O 00 OOOOOOOO 00 OOO OOO^ O  <»00 OOO
20001000
magnetic field (gauss)
F ig u re  4.7: Measurement o f RP, Pr , Ps and I a (rm s) for argon w ith  /  =  
7 M H z (constant tun ing  conditions).
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Figure 4.8: Measurement of Äp, Pr, P j  and I a (rms) for helium with 
/  = 28 MHz (constant tuning conditions).
4.4 W avelength  m easurem ents
The parallel wavelength ( Ay)  of the waves launched in SHEILA is obtained from 
the phase difference between signals measured by two toroidally separated mag­
netic probes oriented perpendicular to B0. A number of such measurements are 
taken between ports at toroidal positions cp = 345°, (j> = 0°, <f> = 15° and o  = 30°. 
This is the only group of ports which have access to the plasma axis and where 
each adjacent port is sufficiently close toroidally to allow the measurement of par­
allel wavelengths as short as Ay ~  10 cm without aliasing effects. There remains 
significant uncertainty (i.e. 20 — 30%) associated with the position and alignment 
of the probes with respect to the magnetic field. Error bounds on the measure­
ments are estimated from the variation between Ay measured at each combination 
of ports. The measurement at each port combination is also repeated with the 
magnetic probes interchanged.
The variation of the average parallel wavelength Ay with B q in argon is
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Figure 4.9: The average wavelength in argon. Error bars represent the 
standard deviation of measurements at a given B0.
shown in figure 4.9. At low magnetic fields where the density is low the wave­
length measurement is less precise than at higher magnetic fields. Within the 
transition region where plasma density rises sharply with Bo the wavelength is 
short and therefore the phase velocity of the wave is slow. In Chapter 5 this 
parameter region and its relation to Landau damping are discussed. At magnetic 
field values where the density is relatively high and increases linearly with 
Ay «  55 cm. This value of A|| along with equations 3.18 and 3.20 can be used 
to infer the variation of density with magnetic field as shown in figure 4.10. A 
cylindrical plasma of radius a = 3.5 cm is used in the estimate, corresponding to 
the average radius of the outermost closed flux surface. It is also assumed that 
only an m = +1 mode is propagating in the plasma. This will be substantiated 
in section 4.5. The agreement between the inferred and the measured average 
electron density in argon is quite good when B0 > 800 gauss. Average density is 
used for this comparison because the cylindrical theory assumes a uniform radial 
plasma density profile.
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Figure 4.10: Inferred density (solid line) and measured average density n0 
in argon.
A corresponding measurement of the average dominant parallel wavelength 
in helium is shown in figure 4.11. Evidence will be given in section 4.5 th a t both 
m =  4-1 and m =  0 modes propagate in the helium plasma. The wavelength mea­
surement would then tend to represent the wavelength of the dominant mode. 
There is again a large uncertainty in the measurement of wavelength at lower 
magnetic fields where plasma densities are low. At larger B0, where higher den­
sities are obtained, Ajj ~  35 cm. The inferred variation of density with magnetic 
field from equations 3.18 and 3.20 is shown in figure 4.12 for both an m  =  +1 
and an m =  0 helicon mode (for equal A j j ) .  Although the agreement between 
the density inferred by the helicon dispersion relation and the measured average 
density is not as good as for argon, the inferred density for both m  =  +1 and 
m  =  0 lies between the average and peak densities. This discrepancy could also 
be a result of perturbations of the helium plasma by the measurement probes 
evident in the radial density profile measurements.
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Figure 4.11: The average dominant wavelength in helium. Error bars 
represent the standard deviation of measurements at a given B0.
4.5 W ave field  m e a su re m e n ts
Detailed measurement of the rf magnetic wave fields are carried out through a 
radial port at toroidal position </> =  0°. This port has access across the narrowest 
cross section of the bean-shaped plasma allowing simple mapping of measure­
ments to circularized coordinates. Radial scans are taken by inserting a glass 
sheath to the required depth in the plasma and then changing the radial position 
of the magnetic probe within the stationary sheath. For the measurements pre­
sented here the glass sheath is inserted only a short distance beyond the plasma 
axis to limit the perturbative effects of the measurement.
Azimuthal scans of B z using a 2-D m anipulator are carried out at <f> = 150°. 
Bz is measured with a systematic error arising from the inability to perfectly 
align the magnetic probe coil exactly along the local B 0. The deviation, ~  
20°, is roughly constant with azim uthal position and should therefore not induce 
large errors into relative phase measurements. To carry out these measurements
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Figure 4.12: Inferred density for m = 1 (solid line) and m = 0 (dashed 
line) in helium. Also shown is the measured average density (o) and the 
peak central density (o).
the magnetic probe remains at the tip of a glass sheath which is then moved 
azimuthally around a flux surface through the use of a template (see section 2.4.7 
of Chapter 2). Significant perturbation of the plasma occurs when the probe 
body intersects the plasma axis. A criterion is used where by measurements at 
which the plasma density is lowered by more than 50% are discarded. This limits 
useful scans to the outer (poloidal) 180° of the flux surface.
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Figure 4.13: Measured phase as a function of azimuthal position in argon
at Bo = 1040 gauss. The solid line represents pure m — 4-1 phase variation.
The corresponding scan around the outer portion of the flux surface and 
the direction of B0 at the plasma axis is inset.
4.5 .1  M od e ro ta tio n
Figure 4.13 shows measured phase from an azimuthal scan in argon at B0 = 
1040 gauss and the corresponding measurement points on the flux surface. The 
points of measurement are chosen so that they are separated by equal azimuthal 
angles after mapping to straight field line coordinates. The value of 9 shown is 
then equivalent to the azimuthal position around a cross section of a cylindrical 
plasma.
The phase varies with azimuthal angle approximately linearly, as shown in 
figure 4.13. The measured mode is therefore either m = ±1. Noting that in 
the figure an increase in phase corresponds to a delay, the wave vector rotates 
‘clockwise’ around the flux surface shown. The applied field of SHEILA, B 0, is 
directed into the page in this diagram and therefore the mode rotation is right- 
handed. This result indicates a dominant m = +1 mode.
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4 .5 .2  R a d ia l  w ave field  m e a s u re m e n ts  in  a rg o n
Figure 4.14 shows measurements of the radial, azimuthal and axiai components 
of the magnetic wave fields for several values of B0. If A represents the mea­
sured amplitude of a component and 0 the corresponding phase, then Ar sin (dr), 
A/?cos(t?0), and A2cos(t?2) are plotted in the figure. These measurements are 
normalized so that the maximum of B r = 1.0 at B0 = 1400 gauss. Normaliza­
tion in this way preserves relative amplitudes between components and between 
measurements at differing B0 values. The radial position r shown is the corre­
sponding circularized coordinate position (see section 3.3 in Chapter 3.) Super­
imposed upon these measurements are the theoretical wave fields (equation 3.19) 
predicted for a cylindrical plasma of radius a = 3.5 cm. Results from azimuthal 
scans around the outer 180° of a flux surface are shown adjacent to the radial 
wave field measurements.
Equation 3.24 is used to calculate the theoretical variation of phase with 
azimuthal angle using an appropriate mixture of m = -(-1 and m = 0 modes to 
best fit the theoretical prediction to the experimental data. The same mixture 
of m = +1 and m = 0 modes is used in calculating the theoretical radial wave 
field structure. For B0 = 1400, 1040 (not shown) and 780 gauss a pure m — -f l  
mode best fits the data. In section 4.6 it is proposed that deviations of the 
measured radial data from theory are likely to be caused by the non-uniform radial 
density profile. In support of this, at Bq = 780 gauss the radial density profile 
is not as strongly peaked and correspondingly there is better agreement between 
the theoretical radial wave field structure and experimental measurements. At 
low magnetic fields and low densities a modification of the pure m = 4-1 mode 
structure is seen. The small amplitude m — 0 component tends to shift the radial 
wave field profile origin from that for a pure m = 4-1 mode. The deviation of the 
measured Bz component amplitude at B0 = 450 gauss from that predicted is not 
understood, although it is still consistent with Bz having a maximum near the 
origin. In each graph the contribution by an m = 4-1 mode is denoted by C\ and 
the contribution by an m = 0 mode is denoted by C0, in percent. Variation in
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the contribution of each mocie with B q is siiown in figure 4.16.
4 .5 .3  R a d ia l  w ave field  m e a s u re m e n ts  in  h e liu m
Figure 4.15 shows measurements of the radial wave field structure and azim uthal 
phase variation present in helium when /  =  28 MHz. It can be seen tha t a 
mixture of m =  4-1 and m  =  0 modes propagate at all magnetic field levels 
surveyed. Variation in the contribution of each mode is shown in figure 4.16. The 
m  =  0 contribution dominates at lower magnetic field values (B0 < 1320 gauss) 
as shown by the independence of measured phase on azim uthal position and by 
B z peaking near the plasma axis (eg: Bo =  740 gauss). The agreement between 
the m easured components and the theoretical predictions is not as good as for 
argon. This may be related to the greater susceptibility of the helium plasma to 
perturbation by measurement probes and the radial density profile being more 
strongly peaked than in argon. It will be shown in section 5.1.2 of Chapter 5 tha t 
some of the deviation of the azim uthal phase data  from theory at high magnetic 
fields [1660 gauss and 1500 gauss (not shown)] may be caused by higher order 
modes propagating near to the antenna.
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Figure 4.14: Wave field measurements in argon. The left hand graphs show 
the measured and theoretically predicted radial variation of the wave field 
components. The right hand side shows the measured and theoretically 
expected variation in phase of B z with azimuthal angle. The m  — 1 and 
m = 0 contribution is labelled.
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Figure 4.15: Wave field measurements in helium. The left hand graphs 
show the measured and theoretically predicted radial variation of the wave 
field components. The right hand side shows the measured and theoretically 
expected variation in phase of B z with azimuthal angle. The m  — 1 and 
m = 0 contribution is labelled.
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Figure 4.16: The variation in the contribution of an m = 1 mode (Ci) 
and an m = 0 mode (C0) with B0 in argon and helium as determined from 
radial and azimuthal wave field measurements.
4.6 N on-uniform  p lasm a effects
Deviation of the measured components of the wave field from the theoretically 
estimated radial variation may be caused in part by the non-uniform radial density 
profile in SHEILA. Equation 3.31 can be integrated to obtain the wave field 
components in the presence of a non-uniform density profile. In practice this 
is difficult because of the iterative nature of the “shooting” technique used for 
integration. Figure 4.17 shows a result of carrying this out for argon at B0 = 
1040 gauss. The measured radial density profile (figure 4.3) is approximated by 
a Gaussian function to facilitate integration. Boundary conditions are assumed, 
for simplicity, to be conducting at r = 5.0 cm. The wave field components have 
been measured out to a larger radius for comparison. Also shown in the figure 
are the wave field components for a uniform plasma of radius a =  3.5 cm. The
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Figure 4.17: Wave field components in argon for B 0 = 1040 gauss: mea­
sured (*, +, o), uniform plasma (dotted lines) and non-uniform plasma 
taken into account (solid lines). Position r is in circularized coordinates.
deviation of the  measured data  from uniform plasma theory can be seen to be 
partly explained by the inclusion of a non-uniform radial density profile.
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C h a p te r  5
W a v e -P la sm a  In te ra c t io n
Damping measurements have been compared with theoretical estimates to inves­
tigate how energy is transferred from the wave into the plasma. The significance 
of collisional and Landau damping is assessed by this comparison. Effects of the 
wave on the electron distribution function have also been investigated through 
the analysis of Langmuir probe characteristics.
5.1 D am ping
In some experiments [14, 28, 48, 76] the energy transfer from helicon waves into 
plasma could not be explained by collisional dissipation alone. As indicated 
by Chen [29] and discussed in section 3.5 of Chapter 3, dissipation of helicon 
waves can be augmented by Landau damping if the phase velocity of the wave 
v$ slows to become of the order of the thermal velocity vth of the electrons. 
Involvement of Landau damping has been suggested in some magnetized plasma 
column experiments [28, 76], most directly by Komori et al [48].
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5.1.1 D am ping m e a s u r e m e n t s  in argon
Figure 5.1 shows the variation of electron temperature, as determined from Lang­
muir probe characteristics, with B0. The ratio £ = v t/v th as a function of B0 
is plotted in Figure 5.2. Note that £ ~ 1 at around 800 gauss, indicating that 
the wave phase velocity is sufficiently slow that Landau damping may be sig­
nificant at this magnetic field. The most rapid increase of plasma density with 
magnetic field (figure 4.2) occurs at B0 ~  800 gauss, indicative of an increase in 
energy transfer from the wave to the plasma. Moreover, Te would be expected 
to increase when strong Landau damping occurs because of the enhanced energy 
transfer to the bulk of the electrons. From figure 5.1 it can be seen that the 
maximum bulk temperature is reached at B0 ~  800 gauss.
To further investigate the possibility of Landau damping, spatial damp­
ing is determined by measuring the magnetic wave field amplitude at various
0 5 0 0  1000 1500  2 0 0 0
magnetic field (gauss)
Figure 5.1: The measured variation of Te with B0 in argon. Te is deter­
mined from Langmuir probe characteristics measured on axis at <f> = 150°. 
The error bar represents data reproducibility, but does not include effects 
of the applied magnetic field or rf fluctuations.
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Figure 5.2: Variation of f = v^/vth with B0 in argon.
toroidal locations. In argon, measurements of Bo are taken through radial ports 
at (f> = 90°, 45°, 30°, 15°, 0° and 345°. The Bo component is chosen since it peaks 
on axis for the m = +1 wave propagating in the plasma. Measurements are 
taken on-axis where possible; however, at 6 =  90° and (f) = 45° the radial ports 
are offset vertically from the plasma axis by approximately 5 mm. This offset can 
introduce significant relative phase errors, for example in wavelength measure­
ments, but should lead to only a small error in the measurement of amplitude. 
Measurements described in section 4.5.2 of Chapter 4 suggest that an offset of 
approximately 5 mm from the plasma axis would introduce an error of at most 
20% in the measurement of the amplitude of Bq. Uncertainty in the alignment 
of the magnetic probe coil with respect to B 0 should also introduce errors of this 
order.
Figure 5.3 shows the measured amplitude of Bo at various toroidal loca­
tions. The spatial damping kty of the wave is determined from the slope of the 
natural logarithm of the measured amplitude versus distance from the antenna.
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Figure 5.3: The natural logarithm of the output of a magnetic probe 
(*) measuring Be at various distances 2 along the plasma axis from the 
antenna at B0 «  750 gauss in argon. The line is a fit to the data from 
which fct|| is determined. The variation of the data provides an estimate of 
the uncertainty in the measurement.
Figure 5.4 shows the values of obtained at various magnetic field strengths. 
Also plotted in figure 5.4 is the theoretical estimate of the collisional and total 
(collisional-f Landau) damping from equation 3.42. It can be seen that where 
£ ~  1 (B0 ~  800 gauss) the measured damping rises significantly above the the­
oretical estimate for collisional damping. Inclusion of Landau damping brings 
the theoretical prediction into reasonable agreement with the observed damping 
rate. It should be noted that the error bars in the figure represent the variation of 
the measured amplitude only, and neglect any other effects such as those due to 
non-uniform radial density profiles. The theoretical estimates have uncertainty 
arising from the measurements of Aq and Te. These damping estimates also do 
not include the effects of non-Maxwellian features in the electron distribution 
function (see section 5.2) on wave dispersion.
There is no evidence that parametric decay contributes to damping. The
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Figure 5.4: Measured (o), estimated collisional (dashed line) and total 
[collisional+Landau] (solid line) damping in argon. The error bars represent 
the first standard deviation of variation in the data.
spectra of signals from a Langmuir probe at the plasma axis show no characteristic 
parametric decay products at any B0 (see section 2.4.6). This measurement 
is sensitive to features within 50 dB of the driving frequency peak. Cyclotron 
damping of the wave, which occurs when u  — kuvz =  ±nwce, where n ^  0 is 
an integer and vz is the velocity of electrons parallel to B0, is not significant 
since lj — k\\vth ~  3 x 10 's-1 while a>ce «  2.6 x 10los-1. The agreement between 
theoretical estimates and the measured damping therefore strongly suggests that 
Landau damping of the wave occurs when B0 ~  800 gauss.
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Figure 5.5: The measured variation of Te with B0 in helium. Te is deter­
mined from Langmuir probe characteristics measured on axis at o = 150°.
The error bar represents data reproducibility, but does not include effects 
of the applied magnetic field or rf fluctuations.
5.1.2 Dam ping m easurem ents in helium
Measurements in helium have a larger uncertainty and a lower shot-to-shot re­
producibility than those in argon. Figure 5.5 shows the variation of electron tem­
perature with Bq. It can be seen that the electron bulk temperature Te ~  18 eV 
is higher than for argon; however, it is difficult to infer any variation with B0 
because of this uncertainty. Figure 5.6 shows the variation of £ = v^/vth with 
B0. Unlike measurements taken in argon, the phase velocity of the wave does 
not slow significantly at any magnetic field. These results therefore suggest that 
Landau damping is very weak in helium.
Figure 5.7 shows the measured spatial damping rate in helium. Measurement 
and analysis of damping in helium is complicated by the mixture of modes present 
in the plasma. Spatial damping is measured at the same toroidal locations as 
for argon using different magnetic wave field components. For Bo < 1300 gauss
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Figure 5.6: Variation of £ = v^/vth with B0 in helium.
damping is determined from measurement of B z because at these fields the m = 0 
mode is dominant and therefore Bz peaks on axis. At Bq > 1300 gauss the 
m = +1 mode is dominant; however, a small but significant amount of m = 0 
mode is still present. Spatial damping is then determined by measuring 
since this component peaks on axis for m = +1 and is small for m =  0. It is 
evident from this figure that theoretical predictions of total (collisional+Landau) 
damping do not agree with the measured damping rates at high B0.
No evidence of parametric decay is found in the spectrum of signals from a 
Langmuir probe at the center of the plasma. Similarly, cyclotron damping should 
not be significant since u  — k^vth ~  1.4 x 108s-1 while u>ce = 2.6 x 10los_1. 
Azimuthal scans taken closer to the antenna (figure 4.15 in Chapter 4) suggest 
that higher order modes may exist near the antenna since a simple mixture of 
m = 0 and m  = +1 modes does not completely explain the variation of phase with 
azimuthal position. Figure 5.8 shows the measured azimuthal phase variation at 
B0 = 1660 gauss in helium. The azimuthal variation for Co = 28%, C\ = 72%
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Figure 5.7: Measured (o) damping in helium. The error bars represent the 
first standard deviation of variation in the data. The vertical dashed line 
denotes the value of B0 below which Bz is measured and above which Br 
is measured. Estimates of total [collisional-l-Landau] damping (solid line) 
give ki(I ~  10- 4 cm-1 , which is difficult to distinguish from zero on this 
graph.
is shown, as implied by radial wave field measurements at (j) = 0° presented 
in Chapter 4. Also plotted on this figure is the predicted phase variation for 
Co = 14%, Ci = 45%, C3 = 23% and C4 = 18%. The deviations of the azimuthal 
data from a simple combination of m = 0 and m = +1 modes may therefore be 
partly explained by the inclusion of m = 3 and m = 4 components. These higher 
order azimuthal modes may be related to the discrepancy between the estimated 
and measured damping rates.
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Figure 5.8: Measured (o) variation in phase of Bz with azimuthal angle 
with B o = 1660 gauss in helium. Theoretically expected variation of phase 
is shown for Co = 28%, C\ = 72% (dashed line) and C0 = 14%, C\ = 45%, 
C3 = 23% and C4 = 18% (solid line).
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5.2 W ave-p artic le  in te ra c tio n
5.2 .1  Langm uir prob e ch aracteristics
Langmuir probe characteristics measured on axis at o = 150° and at high mag­
netic field levels have a small but reproducible feature at bias voltages correspond­
ing to the collection of high energy electrons. The feature is a deviation from an 
ideal characteristic which would be obtained in a Maxwellian plasma with no rf. 
This deviation is evident for the duration of the plasma. Typical characteristics 
at high magnetic fields in helium and argon are shown in figure 5.9 and 5.10.
The electron distribution function is estimated by differentiating a function 
fitted to the measured characteristic with ion saturation current subtracted and 
by replacing electron velocity with vmtn (see equation 2.1 in Chapter 2). The
feature
-4 0 0  -2 0 0  0 200
bias (V)
Figure 5.9: (a) Measured points (o) of a Langmuir probe characteristic 
in helium at B0 ~ 1800 gauss. The line denotes a fit to the ion saturation 
current at large negative probe bias. The feature is seen at VB ~ —200 V. 
(b) The characteristic with ion saturation current subtracted. The curve is 
a fit to the data.
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F igure  5.10: (a) Measured points (o) o f a Langmuir probe characteristic 
in argon at J50 ~  1700 gauss. The line denotes a fit to the ion saturation 
current at large negative probe bias. The feature is seen at Vq «  —50 to 
-1 0  V . (b) The characteristic w ith  ion saturation current subtracted. The 
curve is a f it  to the data.
subtracted ion sa tu ra tion  cu rren t is approx im ated  by a s tra igh t line [30, 33], and 
the func tion  a0 e x p (a iV ß ) +  a 2 ta n h (a 3( Vß  +  a4)) - f  a5 is used to  ob ta in  a least- 
squares f it  to  the data by vary ing  the coefficients a0 _ 5  [figures 5.9 (b) and 5.10 
(b)]. T h is  fo rm  o f function  is used because i t  provides a good representation of 
the measured characteristic once ion sa tu ra tio n  curren t is removed. Results o f the 
d iffe ren tia tion  are shown in figure 5.11. The  observed feature therefore resembles 
th a t which would be produced by a "b u m p -o n -ta il” in  the e lectron d is tr ib u tio n  
function .
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Figure 5.11: The results of differentiating the function fitted to the probe 
characteristics measured in (a) helium at B0 % 1800 gauss and (b) argon at 
B0 ~  1700 gauss.
5.2.2 R F  effects on th e  p ro b e  ch ar act e ris tic
As discussed in section 2.4.2 of Chapter 2, oscillation of the plasma potential at 
rf frequencies can produce a “knee" in the characteristic of a Langmuir probe 
which could be misinterpreted to be the result of a bump-on-tail in the electron 
distribution. To investigate this possibility an emissive probe has been used to 
estimate the average value of the plasma potential and its rf fluctuation level 
in SHEILA (see section 2.4.4 of Chapter 2). Figure 5.12 shows emissive probe 
inflection point estimates of the average plasma potential Vp and fluctuation 
level Vrp in both helium and argon. The drop of the average plasma potential 
at high Bo has been observed previously in a helicon plasma processing reactor 
[59], where this drop corresponded to a capacitive-to-inductive transition in the 
antenna-plasma coupling and a low-to-high transition in the plasma density.
Figures 5.13 and 5.14 show a comparison between the measured charac-
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Figure 5.12: The average plasma potential (*) and the amplitude of rf os­
cillations in the plasma potential (bars) as determined from emissive probe 
characteristics at <f> = 150°.
teristics of figures 5.9 and 5.10 and a theoretical characteristic modelled by 
/e = exp (e(Vß — Vp)/Te) (see section 2.4.2) which is influenced by the presence 
of an oscillating plasma potential. The value of Vp and Vpp which are used in the 
model are determined from the emissive probe data taken at the same toroidal 
position at which the Langmuir probe data are taken. The modelled characteris­
tic is shown from ion to electron saturation. It can be seen from this comparison 
that the measured amplitude of rf oscillations in the plasma potential is not large 
enough to produce a knee at bias voltages where the “bump-on-tail” feature is 
seen in the measured Langmuir probe characteristics. It is also important to note 
that the feature in the measured characteristic is small compared with the elec­
tron saturation current, unlike the rf induced knee which is a significant fraction 
of the electron saturation current. Furthermore, the measured characteristic rises 
exponentially at bias voltages more positive than the observed feature, unlike the 
more linear rise of the modelled characteristic at bias voltages above the rf in-
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Figure 5.13: (a) The measured Langmuir probe characteristic (ion satura­
tion current subtracted) in helium at B0 % 1800 gauss shown with a curve 
fitted to the data. The feature in question is at Vq ~  —200 V. (b) A mod­
elled characteristic (solid line) time-averaged over an oscillating plasma po­
tential (Vp = 70 V, Vpp = 70 V, as determined from emissive probe data). 
Maximum and zero deflections of the instantaneous characteristic are also 
shown (dashed lines).
duced knee (it is likely tha t the exponential part of the measured characteristic 
is in fact at the base of an rf induced knee). It is therefore concluded tha t the 
feature observed in the Langmuir probe characteristics is a result of a bump in 
the high energy tail of the electron distribution function.
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Figure 5.14: (a) The measured Langmuir probe characteristic (ion satura­
tion current subtracted) in argon at B0 ss 1700 gauss shown with a curve 
fitted to the data. The feature in question is at VB «  —45 V to —10 V.
(b) A modelled characteristic (solid line) time-averaged over an oscillating 
plasma potential (Vp = 25 V, VRF = 10 V, as determined from emissive 
probe data). Maximum and zero deflections of the instantaneous charac­
teristic are also shown (dashed lines).
5.2 .3  R ela tio n  b etw een  b u m p -o n -ta il and w ave p hase v e ­
lo c ity
To examine the possibility that the wave may be causing the bump seen in the 
high energy tail of the electron distribution function, Langmuir probe character­
istics are measured at several magnetic field strengths. The resultant estimates 
of the electron distribution function are then compared with the phase velocity 
of the wave.
Figure 5.15 is a contour plot of the high energy tail of the electron distri­
bution function as a function of B0 in argon. The parallel phase velocity of the 
wave v<p is also shown. In the region near B0 ~  800 gauss where v$ lies within the
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Figure 5.15: Average measured v6 superimposed upon contours of constant 
/  for a high energy tail ( / / / ( 0) = 1.1 X 10-4 ) in argon. Dashed lines in 
the contour lie below / / / ( 0) = 4.2 X 10“°, solid lines above this value. The 
error bar indicates the uncertainties in both plasma potential and v#. Inset: 
example of a distribution function /  at Bq «  1700 gauss.
bulk of the distribution there is little departure from Maxwellian, and, as noted 
earlier, the plasma bulk temperature rises. As Bo is increased, v$ increases and 
Landau damping weakens. For Bq > 1000 gauss a bump appears in the tail of the 
distribution function near v = that is, the population of electrons in this part 
of the distribution is enhanced above its thermal level. The peak of the bump- 
on-tail follows v4, as it increases with increasing B0. The agreement between v<t, 
and the bump-on-tail feature implies that there is some form of wave-particle 
interaction.
Figure 5.16 is a similar contour diagram for measurements taken in helium. 
At B0 > 1300 gauss a bump-on-tail arises in the electron distribution function 
near v = v#. Some form of wave-particle interaction is therefore also implied in 
helium. The phase velocity of the wave is never low enough to lie in the bulk of 
the distribution and, correspondingly, the bump-on-tail remains at high energies.
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Figure 5.16: Average measured v$ superimposed upon contours of constant 
/  for a high energy tail ( ///(0 )  = 6.8  X 10-5) in helium. Dashed lines in 
the contour he below // /(0 )  = 2.7 X 10“5, solid lines above this value. The 
error bar indicates the uncertainties in both plasma potential and v^. Inset: 
example of a distribution function /  at jB0 ~ 1800 gauss.
As B0 is increased the velocity spread of the bump-on-tail tends to decrease.
5.2.4 Anisotropy of the bum p-on-tail feature
Anisotropy of the bump-on-tail is investigated through the use of a paddle probe, 
as described in section 2.4.5 of Chapter 2. The characteristic of each paddle is 
taken simultaneously at 6 = 150° with the plane of the paddles perpendicular to 
B 0. Figure 5.17 shows the first derivative of a function fitted to the characteristic 
of each paddle after subtraction of ion saturation current. The bump-on-tail is 
seen in the measurement taken from the paddle facing towards the antenna, while 
the measurement taken from the paddle facing away from the antenna shows a 
much reduced high energy feature. Flipping the probe so as to interchange the 
positions of the paddles gives a consistent result. It should be noted that the non-
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Figure 5.17: The first derivative of functions fitted to the measured char­
acteristics of a paddle probe. The solid line is for the paddle facing the 
antenna, the dashed line for the paddle facing away from the antenna.
Maxwellian feature seen is smaller than that in corresponding Langmuir probe 
traces, possibly because the paddle probe perturbs the plasma more significantly. 
The inferred direction of the bump-on-tail is away from the antenna, i.e. in 
the same direction as k||. This anisotropy may represent a type of rf current 
drive. The magnitude of the driven current can be estimated from Langmuir 
probe characteristics such as those in figures 5.9 and 5.10 by comparison of the 
magnitude of the bump-on-tail induced feature with the ion saturation current. 
This gives a maximum current density of approximately 0.2 A/ cm2. The low level 
of current driven is not surprising since the antenna is not optimized for current 
drive, and is likely the result of the antenna not favoring a particular direction for 
k||. It is interesting to note that the bump-on-tail is seen only at those magnetic 
field values for which the launched wave is predominantly m = +1. It has been 
shown that only |m| = 1 modes have the possibility of driving a dc current on 
axis along the z-direction [50] (i.e. along B 0).
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5.2.5 R ela tion  betw een  bum p -o n -ta il and  ionization
The high energy feature observed at 6  — 150° cannot be detected at toroidal 
positions further from the antenna (i.e. at o  =  0°). This implies that the feature 
has been dissipated, which is consistent with the electron mean-free-path. Since 
the wave is easily detectable at other toroidal locations, the wave apparently 
no longer produces a feature of observable amplitude at (p = 0°. This may 
be caused by the difficulty in extracting a reduced feature from Langmuir probe 
characteristics, the reduced amplitude of the wave because of damping, or because 
at this location waves from both toroidal directions have comparable amplitudes.
One way in which energy can be transferred from the wave to the plasma may 
be through ionizing collisions of the electrons in the observed bump-on-tail with 
neutral atoms of the filling gas. In support of this, the bump-on-tail appears 
around the same conditions at which an increase in ionization rate occurs, as 
shown in figures 5.15, 5.16, 4.2 and 4.4. Figure 5.18 shows the comparison of 
the average energy of the observed electron bump-on-tail with the probability of 
ionization for both argon and helium. There is good correspondence between a 
high ionization probability and the energy of the observed electron feature. This 
supports the idea that the ionization capability of helicon waves may arise from 
the selective enhancement of the population of electrons capable of ionization, as 
suggested by Chen [29].
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Figure 5.18: The probability of first ionization P* (number of positive 
charges produced per incident electron per cm through the gas at 1 mm Hg 
and 0°) in argon and helium as a function of electron energy (data from 
reference [23]). The vertical bar denotes the approximate average energy 
of electrons in the observed high energy feature.
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C h a p te r  6
Scaling and  S u m m ary
A double-loop antenna similar to that used in SHEILA is planned to be used 
for plasma formation in the H-l heliac now nearing completion at the Australian 
National University. Experiments have been conducted in SHEILA to allow pre­
dictions of the behaviour of the antenna in general, and in particular to this much 
larger machine. Possible restrictions on parallel wavelength, effects of the size of 
the plasma and implications of the helicon dispersion relation on wave propaga­
tion have been investigated. The results presented in this thesis are summarized 
at the end of this chapter.
6.1 Frequency d ep en d en ce in SH EILA
To indicate how plasma production scales to different regimes, electron density 
has been measured as a function of applied magnetic field for various frequencies 
and filling gases at constant (2kW) rf power. This problem can be highly non­
linear since the rf produces the plasma in which it propagates. Breakdown of the 
filling gas is a very complicated problem which will not be addressed here, other 
than to indicate that it may influence the obtained results. Conclusions presented 
in Chapters 4 and 5 will be used in the interpretation of these measurements.
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6.1 .1  R e s tr ic t io n s  o n  kw
The measured toroidal variation of phase indicates that the double-loop antenna 
launches a propagating wave in SHEILA after breakdown of the filling gas and 
formation of a sufficiently dense plasma. The toroidal periodicity of the plasma 
may introduce a standing-wave component (depending on the attenuation length 
of the wave), restricting values of Ap to fractions of the plasma length (Lpiasma ~  
128 cm). Furthermore, the antenna-plasma coupling can favor certain values of 
fc||, although Ay = Lant (Lant «  16 cm is the length of the antenna) should be 
launched very inefficiently by this antenna design. It is known from magnetized 
column experiments [14] that the double-loop antenna design does couple well to 
Ay ~  2Lant.
Figures 6.1. 6.2 and 6.3 show the variation of average plasma density with B0 
in argon, neon and helium for various rf frequencies. The filling pressure which 
produces the highest density is used for each gas (argon: 5 mTorr, neon: 5 mTorr, 
helium: 2 mTorr). Parallel wavelengths can be inferred from these measurements 
by comparing the helicon dispersion relation (equation 3.18) for an m = +1 
mode with the measured density at high magnetic fields. Figures 4.10 and 4.12 
in Chapter 4 show that this method gives an estimate of Ajj. This comparison re­
veals that, after a low-to-high density transition, A|| is close to A|| = Lpiasrna/n  (n 
an integer) for all but one of the cases presented in figures 6.1, 6.2 and 6.3. Unfa­
vorable coupling of the antenna to very long parallel wavelengths and restrictions 
by boundary conditions (this point will be elaborated in the next section) are 
likely causes of the disagreement when /  = 3.5 MHz. Small deviations are prob­
ably caused by the simplicity of k\\ restrictions considered and the assumption 
that only a single k\\ propagates in the plasma. It is difficult to determine unam­
biguously if any restriction is caused by antenna coupling because Lant coincides 
With Lplaama/ 8.
It has been suggested in a linear magnetized column experiment [76] that 
the transition from low to high density occurs when lj =  ljlh = \ fu CeUcx. Fig­
ures 6.1, 6.2 and 6.3 show that, in SHEILA, these tend to correspond at low
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Figure 6.1: Average density (o) as a function of B0 for different frequencies 
in argon. The straight dashed line is the density inferred from the helicon 
dispersion relation for the labelled Ay = Lpiasma/n. Also shown is the value 
of Bo where /  = f m ,  the lower hybrid frequency (vertical solid line). For 
/  = 28 MHz, /  = f LH at B0 «  2700 gauss.
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Figure 6.2: Average density (o) as a function of B0 for /  = 18 MHz in 
different gases. The straight dashed line is the density inferred from the 
helicon dispersion relation for the labelled A|| = Lpiasma/n. Also shown is 
the value of B0 where /  = f LH, the lower hybrid frequency (vertical solid 
line).
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Figure 6.3: Average density (o) as a function of B0 for /  = 28 MHz in 
different gases. The straight dashed line is the density inferred from the 
helicon dispersion relation for the labelled Ay = Lpiasma/n. Also shown is 
the value of B0 where /  = f Lfj, the lower hybrid frequency (vertical solid 
line). /  = f i n  at B0 ^  2700 gauss in argon.
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frequencies but at higher frequencies there is no clear agreement. A combination 
of boundary conditions and effects such as the variation of A y  with B 0, Landau 
damping, propagation of multiple modes, available power density in compari­
son to confinement, and dependence of plasma characteristics on frequency may 
explain the full behaviour. There is also an indication of interm ediate density 
transitions with increasing B 0 in these figures. Such transitions were clearly seen 
in some linear magnetized column experiments [9, 14] where it was suggested 
tha t these transitions corresponded to the excitation of different A y .  The data  
presented here are insufficient to draw any conclusions. It should be noted tha t 
the linear increase of plasma density with B 0 cannot continue indefinitely for a 
given input power. At some density, radiation and neutral particle losses will 
dominate improvements in confinement as £?0 is increased. Eventually the power 
required to sustain the increasing plasma density will exceed the power input, 
probably resulting in a transition to a lower density. Such a transition has been 
observed [59] in a plasma processing reactor.
6.1 .2  R estr ic tio n s  on
A requirement for wave propagation in a bounded plasma is tha t k± must have a 
value such tha t the wave fields satisfy boundary conditions. For an m  = 0 mode, 
equation 3.20 reduces to J\(k±a) = 0, implying tha t k±a =  3.83. For m  =  +1, 
k\\ has a small effect on the boundary condition, but k± remains near 1 cm -1 
in SHEILA. Higher order roots are not considered because they have not been 
observed in SHEILA and because equation 3.18 implies th a t very high densities 
are required to support such modes.
Ion motion may affect how the wave can satisfy boundary conditions at 
low frequencies. One criterion for the neglect of ion motion in the analysis of 
section 3.2 is o;^(u;2 4- u2) u>\H. This does not hold in the experiments pre­
sented here. Ion motion, however, is only a significant influence on waves [29]
k||/kj_ ~  0 (0 .1) for helicon waves in SHEILA, helicon wave theory can still apply
propagation almost perpendicular to B0). Since
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to the experimental results. The additional assumption that nij is large (which is 
used to obtain the helicon dispersion relation - see section 3.1) does not hold for 
small k\\ and may therefore affect the accuracy of the helicon dispersion relation. 
This again indicates that ion motion can influence the wave for small k\\ by mod­
ifying the relationship between k± and k\\ and thereby alter the conditions under 
which the wave can satisfy boundary conditions. The applicability of the helicon 
approximation and the departure for small k\\ are demonstrated in figure 6.4.
Figure 6.4 shows the variation of with k\\ at B0 =  1800 gauss for various 
ion masses and frequencies. This dispersion relation is calculated for an infinite 
cold plasma (see Chapter 3). It will be assumed that plasma boundaries simply 
restrict the values of kL permissible in figure 6.4, from which necessary values of 
k\\ can be inferred. Note the inaccuracy of the helicon approximation at small k\\, 
especially for lighter gases at low frequencies (eg: /  = 7 MHz. h0 = 16 x 1012 cm-3 
and k\\ < 0.05 cm-1).
When /  = 3.5 MHz only argon can support fast wave propagation with 
kj_ ~  1 cm-1. At this value figure 6.4 shows that only a wave with a very small 
k\I can propagate. This qualitatively agrees with the large \\\ indicated from 
matching the helicon dispersion relation to the measured density (figure 6.1), 
and with the absence of low-to-high density transitions in other gases measured 
at this frequency. For /  = 7 MHz. figure 6.4 shows that kL ~  1 cm-1 can be 
obtained in neon and argon. A low-to-high density transition is observed in only 
these gases with resultant densities indicating an appropriate parallel wavelength 
(corresponding to k\\ ~  0.1). Low-to-high density transitions are observed in 
argon, neon, helium and hydrogen when /  = 28 MHz (consistent with the condi­
tion k±_ ~  1 cm-1 being met for all these gases), although the maximum density 
obtained in hydrogen is quite low (~  5 X 1011 cm-3).
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Figure 6.4: Infinite cold plasma dispersion relations for B0 = 1800 gauss 
and the labelled frequencies and densities. Density is chosen as that which 
is measured in argon at the labelled frequency. The dashed curve denotes 
the prediction by the helicon dispersion relation. The solid curves represent 
the cold plasma solution for atomic mass A in descending order (A = 40 
(upper solid curve), 20, 4, and 1 (lower solid curve)).
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6.1.3 In flu e n c e  o f p o w er l im ita t io n s
The plasma density produced at a given frequency is limited by the available 
power input. The plasma density can therefore vary until either full ionization 
is achieved or the rate of energy loss from the plasma matches the power input. 
In addition to this, electron temperature is most likely determined by atomic 
processes and is therefore dependent on the filling gas. For the purpose of analysis 
it will be assumed that the highest density achieved in a gas represents a balance 
between plasma energy loss and power input. Assuming that Te does not vary 
with frequency, this would represent the maximum density attainable for any 
frequency in a given gas with a given power input. Figure 6.5 shows the density 
required to satisfy the condition k± ~  1cm-1 for a given Ay. It is evident from 
this graph that longer Ay are associated with lower densities and that shorter 
Ay can be excited at higher frequencies for a fixed power input. For example.
A < 16 cm cannot be launched in argon below 28 MHz since the required plasma 
density would be too high to be produced by the available power.
The density achieved for a given frequency is therefore a compromise be­
tween the available power, the requirement that k± ~  1 cm-1, and restrictions on 
fcy. This is demonstrated by the measurements taken in argon (it will be assumed 
here that Ay is restricted to the values implied in figures 6.1, 6.2 and 6 . 3 ) .  The 
large Ay required by the condition k_i ~  1cm-1 when /  =  3 . 5  MHz implies low 
plasma densities (equation 3.18). It is not possible to couple to shorter parallel 
wavelengths at this frequency since the available power cannot produce the nec­
essary density. For /  < 3.5 MHz k± ~  1 cm-1 eventually will not be satisfied for 
any Ay so the wave will not propagate and plasma densities will be low. Also note 
that, as discussed earlier, ion mass can influence the wave dispersion. A lighter 
ion mass would require a higher density to satisfy k± ~  1 cm-1 at long Ay and 
low frequencies.
When /  = 7, 14 and IS MHz, the condition k± ~  1 cm-1 can be satis­
fied at the highest densities produced by the available power. In argon with 
/  = 28 MHz only Ay > 32 cm is allowed for the given input power, implying a
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Figure 6.5: Electron density required for k_L ~  1cm-1 as predicted by the 
helicon dispersion relation for B0 = 1800 gauss. Each curve is labelled with 
its respective A||(cm). The curve for A|| = 16 cm is suppressed because it is 
very unlikely that the antenna design would excite this wavelength. Also 
shown is the average electron density in argon (•) and helium (*) measured 
at B0 ~  1800 gauss. The horizontal dashed lines indicate the maximum 
density attained in argon and helium.
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maximum possible electron density ~  10 x 1012 c m 'J . The actual measured den­
sity is lower, indicating Ajj =  64 cm. If the rf excitation frequency could be raised 
to /  > 28 MHz for the same input power, shorter Aq could possibly be launched 
in argon since the plasma density required for propagation could be produced by 
the available power.
This model of the variation of electron density with frequency is simple 
but can describe the basic tendency of the helicon produced plasma in SHEILA. 
There are discrepancies, as noted for argon when /  = 28 MHz, but effects such 
as the variation of electron temperature with frequency (which would alter the 
plasma density allowed by power balance at a given frequency) and the neglect 
of multiple mode propagation may explain these deviations.
6 .1 .4  H yd rogen  in S H E IL A
The maximum plasma density obtained with hydrogen in SHEILA is no ~  5 x 
1011 cm-3 at B0 ~  1800 gauss with /  = 28 MHz. It would be beneficial to operate 
at higher densities in hydrogen because of its relevance to fusion research. It is 
expected that the power limited density of hydrogen (for 2 kW input rf power) 
would lie in the range n0 = 1 — 5 x 1012 cm-3, where the upper limit is based on 
results obtained in helium and the lower limit is based on the ratio of densities 
obtained previously in SHEILA using the standard method of plasma production 
[65]. In general, the lighter ion mass and lower plasma density would produce 
a higher fast (helicon) wave cutoff frequency than in argon, requiring higher rf 
driving frequencies. Figure 6.6 shows the variation of k± with k\\ for an unbounded 
hydrogen plasma with no = 5 x 1012cm-3 at Bo = 1800 gauss for a number of 
frequencies. As shown in this figure, n0 = 5 x 1012cm-3 cannot be produced 
in hydrogen for /  < 28 MHz since there are no suitable values of Aq for which 
kL ~  1cm-1. The long parallel wavelength allowed when /  = 28 MHz is not 
easily coupled to by the antenna and exceeds Lviasrna. If enough power is available, 
n0 ~  5 x 1012cm-3 should be attainable with /  ~  40 MHz for Ajj & 64 cm and 
with /  ^  60 MHz for Aq «  32 cm. If the power balance density limit is at the low
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Figure 6.6: Infinite plasma dispersion for B0 = 1800 gauss in a cold hy­
drogen plasma with n 0 = 5 X 1012cm-3. The labelled frequencies are in 
MHz.
extreme of the estimated range (ü0 ~  I x 1012cm~3), higher frequencies would 
be required ( /  ~  130 MHz for Ajj % 64 cm, /  % 230 MHz for Ay ~  32 cm).
6.2 Scaling to  H -l
Basic parameters of SHEILA and H-l are shown in table 6.1. To indicate how 
the antenna system may behave in H-l, it is assumed that conditions are simi­
lar to SHEILA except for size and magnetic field. It is therefore assumed that 
electron temperature is determined by atomic processes in a given gas type and 
that plasma density can vary until either 100% ionization is reached or a balance 
between the energy loss rate and the input power is reached. It will be assumed 
again that k_j_ must have a value such that the wave fields satisfy boundary con­
ditions, and that only the lowest radial mode exists in the plasma. This implies 
that k± ~  0.15 cm-1 is a necessary condition for m = +1 helicon wave propaga-
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device R (cm) a (cm) B (kG) (max) rf power (kW) pulse length (s)
SHEILA 19 3.5 2.0 3 0.05
H-l 100 20 2.5/10 180 oo/l.O
Table 6.1: Comparison of SHEILA and H-l parameters. R is the major 
radius, a the average radius of the outermost closed flux surface, and B the 
applied magnetic field.
tion in H-l. Waves with a non-negligible level of damping would be only weakly 
affected by plasma periodicity because of the much longer plasma axis in H-l 
(Lpiasma ~  750 cm). Antenna coupling, minor radius and available power input 
are therefore the dominant effects restricting the parallel wavelength in H-l.
It is difficult to extrapolate parameters, such as maximum plasma density, 
from SHEILA to H-l because of the vast difference in size and plasma conditions. 
For the purpose of investigating the behaviour of the antenna-plasma system in 
H-l, two densities will be considered: n0 = 1012 cm-3, and n0 = 1013cm-3. In 
addition to this, two operational modes of the H-l device will be discussed: a 
continuous mode with a maximum magnetic field B0 & 2500 gauss, and a pulsed 
mode where a maximum magnetic field ^  10 kG is reached for ~  1 s. The system 
of rf amplifiers available allows a frequency range of approximately 1 — 100 MHz.
6.2.1 C ontin uou s o p era tio n
The continuous operation of H-l is intended for the investigation of basic confine­
ment and wave physics. The maximum magnetic field in this operational mode 
is Bo ~  2500 gauss and approximately ~  30 kW of rf power is planned to be 
available for the double-loop antenna.
Figure 6.7 shows the variation of k± with k\\ in a hydrogen plasma. The 
low ion mass of hydrogen requires /  > 14 MHz to satisfy k± ~  0.15 cm-1 when 
n0 = 1012 cm-3. For a density of n0 = 1013 cm-3, Aq = 50 — 20 cm can be excited 
for /  = 7 — 28 MHz. It is especially difficult to predict if these densities will be 
reached in H-l because of the low densities achieved with hydrogen in SHEILA.
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Figure 6.7: Variation of k± with k\\ for B0 = 2500 gauss in a cold infinite 
hydrogen plasma for n0 = 1012cm-3 and n0 = 1013cm-3. The labelled 
frequencies are in MHz.
The obtained densities, however, are probably well below the power balance limit 
in SHEILA and, as shown in section 6.1.4, are likely a result of not satisfying 
boundary conditions. Plasma density in the range assumed should be produced 
in H-l if the behaviour of hydrogen is similar to that of helium in SHEILA.
Argon may be used in the commissioning phase of H-l or for some low 
temperature basic physics experiments. Figure 6.8 shows the variation of k± with 
Atji for various frequencies in an argon plasma. Parallel wavelengths in the range 
125—30 cm can satisfy kj_ ~  0.15 cm-1 for /  = 14—100 MHz when n0 = 1012 cm-3. 
At the higher density of n0 = 1013 cm-3, a lower frequency range (2 — 28 MHz) can 
satisfy k± ~  0.15 cm-1 for the same range of parallel wavelengths. A double-loop 
antenna with Lant ~  10 — 30 cm should therefore be able to produce densities 
in argon which are satisfactory for the study of basic properties and for the 
commissioning of H-l.
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Figure 6.8: Variation of kj_ with k\\ for B0 =  2500 gauss in a cold infi­
nite argon plasma for n0 = 1012cm-3 and h0 = 1013cm-3. The labelled 
frequencies are in MHz.
6.2 .2  P u lsed  op era tio n
The H-l heliac can be operated at high magnetic fields in a pulsed mode to obtain 
parameters more directly relevant to current fusion studies. Magnetic fields up 
to 10kG can be reached for ~  Is in this mode. Approximately ~  30kW of rf 
power is again planned to be available for the double-loop antenna. The antenna 
would be used for plasma formation, after which additional rf heating would 
increase plasma parameters. This section concentrates on hydrogen because of 
its relevance to fusion.
It can be seen from figure 6.9 that /  > 50 MHz is required for k± ~  0.15 cm-1 
if the plasma density is ~  1012 cm-3. The shortest parallel wavelength which can 
be produced with the available frequency range is Ay ~  80 cm. This wavelength 
may be difficult to launch if the antenna is short enough to fit between two 
toroidal field coils in H-l. If higher densities ~  1013cm-3 can be achieved, \\\ =
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Figure 6.9: Variation of k± with k\\ for B0 = 10kG in a cold infinite 
hydrogen plasma for n0 = 1012 cm-3 and n0 = 1013cm-3. The labelled 
frequencies are in MHz.
50 — 20 cm can propagate for /  = 28 — 100 MHz. Frequencies must be kept above 
~  15 MHz, (the ion cyclotron frequency for hydrogen at 10 kG) for a helicon wave 
to propagate.
The frequencies required for a range of parallel wavelengths in both the 
continuous and pulsed operation of H-l are summarized in table 6.2.
6.2 .3  Landau d am p in g  and w ave phase v e lo c ity  in H - l
It would be advantageous to excite waves in H-l which would transfer high power 
to the plasma. The excitation of short parallel wavelengths would allow the 
wave to be Landau damped. Similarly, the ionization mechanism described in 
section 5.2.5 depends upon the wave phase velocity having suitable values.
In the continuous operational mode of H-l with n0 = 1012cm-3, the wave 
parallel phase velocity is high 2 x 109cm/s) and depends only weakly on
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n 0 = 1012 cm 3 1 argon hydrogen
A||(cm) B0 = 2.5 kG B 0 = 2.5 kG
OoIIooq
60 35 MHz 40 MHz -
30 100 MHz 100 MHz -
15 - -
n 0 = 1013 cm-3 argon hydrogen
A||(cm) B0 = 2.5 kG Bo = 2.5 kG B0 = 10 kG
60 3.5 MHz 7 MHz 25 MHz
30 10 MHz 14 MHz 55 MHz
15 35 MHz 40 MHz -
Table 6.2: The approximate frequency required to launch a helicon wave 
in H-l in an argon or hydrogen plasma of density n0 = 1012cm-3 or n0 = 
1013cm-3. denotes that the required frequency exceeds that which is 
available.
frequency. The ionization cross section of electrons with this velocity (E  ~  1 keV) 
is well beyond maximum but should still be significant (see figure 5.18). At 
n0 = 1013 cm-3 the phase velocity ( ~ 2 - 4 x  108 cm/s) drops below the optimum 
value for argon (~ 4 x 108cm/s), but wavelengths short enough to be Landau 
damped could be launched with the higher driving frequencies. Phase velocities 
are slightly higher in hydrogen under conditions where propagation is possible 
(see table 6.2). The above argument therefore also applies to hydrogen since the 
optimum phase velocity of the wave is higher than for argon.
For the higher magnetic fields obtained in the pulsed operation of H-l, the 
phase velocity of the wave can be maintained at a relatively high level. Even 
though this may be higher than optimum for hydrogen, the ionization cross sec­
tion of electrons with this velocity would still be large. Because of the higher 
magnetic fields, it would be difficult to launch parallel wavelengths short enough 
for the wave to be Landau damped, unless either the electron temperature of the 
hydrogen plasma can be raised to ~  1 keV or the plasma density is higher than 
that considered.
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um m ary6.3  3
A double-loop antenna design has been used to produce plasma in the prototype 
helical axis stellarator SHEILA. Argon plasma produced with 7 MHz rf power 
and helium plasma produced with 28 MHz rf power were studied in detail. The 
antenna design was found to produce argon plasma with peak central densities 
five times higher than th a t obtained by other methods used on SHEILA. High 
densities were obtained in a variety of gases over a large range of experimental 
parameters. A critical value of applied magnetic field was found above which a 
low-to-high density transition could occur. Above this magnetic field value the 
density increased approximately linearly with magnetic field. Measurements of 
radial density profiles showed that the plasm a was well confined by the magnetic 
flux surfaces. Helium plasma was much more susceptible to perturbation by 
measurement probes than the argon plasma.
The structure and behaviour of the waves in the convoluted magnetic ge­
ometry of SHEILA were investigated. Agreement between the measured aver­
age density and the density inferred from the helicon dispersion relation (based 
on wavelength measurements) was good, especially in the case of argon. The 
approximately linear increase of plasma density with magnetic field (above the 
low-to-high density transition) was also in agreement with predictions from the 
helicon dispersion relation.
Detailed measurements of both the radial wave field structure and the az­
imuthal phase variation of the axial wave field component were compared with 
theoretical predictions for a helicon wave in a cylindrical plasma. The mea­
surements were mapped to a straight field line, circularized coordinate system 
to facilitate this comparison. An m  = +1 helicon mode best described the mea­
sured data  in argon at high magnetic fields. This agreement is good evidence tha t 
the double-loop antenna can launch a helicon wave in the magnetic geometry of 
SHEILA. Departures of the data  from theoretical predictions were a ttributed  to 
the neglect of the radial density profile. At low magnetic fields (and low densities)
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a smail m = 0 component was evident in argon.
In helium a more complicated mode structure was found. Even at high 
magnetic fields a mixture of m = 4-1 and m = 0 modes best described the wave 
field structure. At low magnetic fields the m = 0 mode dominated. It was also 
shown that higher order modes may be excited near the antenna.
The good agreement between wave measurements (in straight field line, cir­
cularized coordinates) and cylindrical theory indicates that the toroidicity, helical 
curvature and rotational transform in SHEILA did not strongly affect wave prop­
agation. although the periodic nature of the plasma may have constrained k\\.
Having established that helicon waves could be launched in SHEILA, exper­
iments were conducted to determine how energy is transferred from the wave into 
the plasma. Comparison of measurements with theory developed by Chen [29] has 
indicated that Landau damping can be significant in certain parameter regimes. 
The inclusion of Landau damping was required to bring estimates of damping 
into agreement with experimental measurements in argon at Bo ~  800 gauss. 
This magnetic field strength also coincided with the slowest parallel phase ve­
locity of the wave % utfc), the highest bulk electron temperature and a rapid 
increase of density with magnetic field.
The comparison of experimental and theoretical damping rates in helium was 
complicated by the multiple modes propagating in the plasma and the greater 
susceptibility of the plasma to perturbation. Theoretical damping estimates were 
significantly lower than the measured damping at high magnetic fields. The 
measured parallel wavelength indicated weak Landau damping.
A bump-on-tail in the electron distribution function was found to be pro­
duced near the antenna. This population enhancement was found to have an 
average velocity which coincided with the phase velocity of the wave, suggesting 
a form of wave-particle interaction. The bump-on-tail was found to be anisotropic 
in the direction of the wave phase velocity, indicating that a form of radio fre­
quency current drive may produce the feature. The bump-on-tail appeared when
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the mode propagating in the plasma was predominantly m = 4-1, in agreement 
with the fact that only |m| = 1 modes can drive an axial current on axis [50]. In 
further analysis of wave damping and dispersion the effects of a non-Maxwellian 
distribution function should be considered.
It was shown that the bump-on-tail feature may be related to the ionization 
capability of helicon waves. Dissipation of the feature implied that energy was 
being transferred to the plasma. Ionizing collisions between electrons in the 
high energy feature and neutral atoms in the filling gas could provide the efficient 
energy transfer mechanism. This hypothesis was supported by the correspondence 
between the average energy of the feature and the highest ionization probability 
in argon and helium, and the appearance of the feature when the plasma density 
increased significantly (indicative of an increase in ionization rate). Chen [29] has 
suggested that helicon waves enhance the population of electrons which have an 
energy corresponding to a large ionization cross-section. Ionization is therefore 
predominantly caused by a specific population of electrons produced by the wave. 
This hypothesis is supported by the measurements presented in this thesis.
Comparison of measured density with predictions from the helicon dispersion 
relation for a variety of filling gases and frequencies implied that the plasma 
periodicity in SHEILA restricts Ap to fractions of the plasma length. Evidence was 
presented that boundary conditions and power limitations can strongly influence 
the achieved density. It was also shown that the available rf frequencies were too 
low to produce higher densities in hydrogen.
The applicability of the double-loop antenna design to H-l was investigated. 
It was found that density in the range 1 — 10 x 1012 cm-3 in both argon and 
hydrogen would allow the excitation of helicon waves with the available rf equip­
ment. Suitable apparatus has been constructed and will shortly be tested in the 
H-l plasma formation experiment.
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